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virulence factor [23,24]. CPS encloses the pneumococcal cells and is composed of 
carbohydrate polymers. Primarily, CPS prevents phagocytosis (complement-mediated 
opsonophagocytosis) and contributes to antibiotic tolerance [25,26]. Moreover, it affects 
colonization and adhesion, and also helps pneumococcal survival in lungs [27,28]. There are 
more than 90 serotypes of S. pneumoniae and this serotyping is based on the composition of 
CPS [29]. Consequently, the serotype determines the virulence of pneumococcal strains. Gene 
clusters located between dexB and aliA genes encode for the proteins that take part in the 
composition of polysaccharide capsule in many pneumococcal serotypes [30].  
Besides CPS, the genome of S. pneumoniae also encodes many other virulence factors 
as well. Pneumolysin (Ply) is a cytoplasmic cholesterol dependent toxin and a well-
established role in pneumococcal virulence [31,32]. Ply, a 53-kDa [33] surface protein, is 
released from bacterial cells during cell lysis. Once released, Ply forms 40 nm pores in the 
cellular membrane of eukaryotic cells, using cholesterol as a receptor, that leads to cell lysis 
[32,34]. Ply is essential for S. pneumoniae to colonize the upper and lower respiratory tracts, 
thus being an important cytotoxin in invasive diseases, i.e. meningitis, bacteremia and 
pneumoniae [35–37]. Furthermore, the role of Ply in the assembly of biofilm and 
proinflammatory reactions in immune cells has also been established [38,39].  
Choline-binding proteins (CBPs) are a family of surface proteins that are non-
covalently bound to the choline moieties of the cell wall of S. pneumoniae and are involved in 
virulence [40]. LytA, a major autolysin, is one of the first CBPs characterized [41] and one of 
the most intensely-studied cell wall degrading amidases. LytA is involved in the vancomycin 
and penicillin-induced lysis of S. pneumoniae [42,43]. LytA has also been linked to the 
release of the intracellular toxin pneumolysin [44,45]. Along with LytA, other CBPs like 
LytB, LytC and CbpE perform an essential role in virulence and colonization of S. 
pneumoniae [40,46]. The choline-binding protein CbpA (choline-binding protein A), also 
known as PspC (pneumococcal surface protein C), not only plays a role in colonization but 
also prevents phagocytosis and avoids complement activation [47–50]. Another CBP, PspA, 
(pneumococcal surface protein A) is a significant factor for pneumococcal colonization and 
for causing invasive diseases as it prevents complement-mediated opsonization and killing by 
lactoferrin [49,51,52]. PrtA, a serine protease containing XPTG-anchor, is expressed on the 
surface of nearly all virulent pneumococcal strains and is required for full virulence in animal 
models [53,54]. The expression of prtA is co-regulated with the other virulence genes pcpA 




transcriptional factor PsaR [55]. The PsaR-mediated expression of psaBCA, pcpA and prtA 
has been demonstrated to be repressed by Mn2+ and derepressed by Zn2+, Co2+, Ni2+ and Cd2+ 
[55–59]. 
A lot of proteins involved in virulence are displayed on the cell surface of S. 
pneumoniae. NanA, NanB and NanC are neuraminidases that are well-studied [60,61]. These 
proteins are involved in the cleavage of host sialic acid from the host surface glycans [62–64]. 
NanA and NanB not only promote the development of otitis media and the formation of 
biofilm, but are also involved in pneumococcal colonization [60,64–66]. StrH (N-
acetylglucosaminidase) is another surface exposed protein, which is involved in virulence 
[67]. It has been shown that StrH can act with BgaA (β-galactosidase) and NanA to 
sequentially remove sugars found on N-linked glycans of human glycoconjugates [68,69]. 
Similarly, PulA converts glycogen into different degradation products that can be utilized by 
S. pneumoniae [70].  
Another class of surface proteins that are involved in virulence, are lipoproteins. The 
genome of S. pneumoniae encodes 40 lipoproteins [71,72]. Mutations in the genes coding for 
metal-binding lipoproteins such as PiuA (pneumococcal iron uptake), PiaA (pneumococcal 
iron acquisition) and PsaA (pneumococcal surface antigen A) reduce pneumococcal virulence 
in bacteremia, pneumonia and an additional mutation in psaA reduces colonization [52,73,74]. 
Moreover, PsaA is also involved in the protection to oxidative stress [75]. Another important 
protein HtrA (high-temperature requirement A) is a heat shock-induced serine protease in 
pneumococci that has been anticipated to play a crucial role in pneumococcal colonization in 
pneumonia and bacteremia models of infection [76–78]. In addition, the Pht (Pneumococcal 
histidine triad) family proteins PhtA, PhtE, PhtB and PhtD serve a function in the invasion 
process in pathogenic streptococcal species [79,80]. The roles of PhtA, PhtB, PhtD and PhtE 
as protective antigens in multicomponent pneumococcal protein vaccines in mice have been 
predicted [81]. 
Virulence factors such as Pneumolysin, PspA, PspC, PsaA, LytA, PiuA, PiaA, NanA 
and PhtB are good candidates for vaccines because they trigger a protective immune response 








Transcriptional responses of S. pneumoniae to changing environment 
 As described earlier, S. pneumoniae has the ability to colonize the upper respiratory 
tract in humans and to persist there asymptomatically. However, during favorable 
environmental conditions, it can spread from the nasopharynx to distant sites such as lungs, 
middle ear, blood stream and meninges in the human body, where it may encounter with 
different environmental conditions, to cause pneumococcal infections. Therefore, S. 
pneumoniae requires a certain degree of flexibility to adapt to these changes in the 
environment i.e. a fluctuating content of nutrients, pH, temperature, micronutrients, oxidative 
stress and many other factors. In addition to combating a variety of conditions, S. pneumoniae 
can utilize host glycoproteins as well as murine polysaccharides as a major carbon source and 
it can also interact with other bacteria in the respiratory tract [6,63]. These adaptations can be 
achieved either by the activation of regulatory networks or through changes in the genetic 
material. Inside the host, the successful colonization of pneumococcus requires the proper 
utilization of certain available nutrients such as amino acids, metal ions and carbon sources 
[55,84,85]. A number of dedicated systems for the transport and utilization of these nutrients 
have been identified, which play a vital role in the adaptation of S. pneumoniae to 
environmental changes [56,84–88].  
 
Regulation of metal-ion homeostasis in S. pneumoniae 
 Transition metal ions are structural components and cofactors for many proteins, thus 
playing a vital role in the cellular defenses and metabolism [89]. Acquisition of metal ions is 
important for the cellular functions, however high intracellular concentration of metal ions 
can have adverse effects on the survival of bacteria. Bacteria has evolved efficient import- and 
export-systems, which are tightly regulated by metal-responsive transcriptional regulators, to 
ensure the proper concentration of intracellular required metal ions [90–94]. The 
concentration of metal ions in the different human body parts is mentioned in Table 1. This 
thesis highlights the role of the metal ions Mn2+, Zn2+, Ni2+ and Co2+ in the regulation of the 
virulence genes as well as in metal efflux and acquisition systems. 
Manganese (Mn2+) is very critical for the colonization and pathogenicity of S. 
pneumoniae [95]. It is an essential co-factor for many proteins in S. pneumoniae and in human 




carboxylase, arginase and glycosyltransferase [96,97]. The Mn2+-uptake system PsaBCA is 
involved in the transport of Mn2+ from the mammalian host into the cytosol. The role of Mn2+ 
in various biological processes of S. pneumoniae has been established using the global 
transcriptomic and proteomic analyses of wild-type and a psaA deletion mutant in the 
presence of high and low concentrations of Mn2+. The Mn2+/Zn2+/Co2+-dependent 
transcription factor PsaR regulates the expression of psaBCA along with two other virulence 
genes pcpA and prtA [58,98,99]. The crystal structure of PsaR has shown that not only Mn2+ 
but Zn2+ can also bind to PsaR [100]. PsaR belongs to the DtxR/MntR family of metallo-
regulatory proteins [100] and is mainly a transcriptional repressor that regulates Mn2+ and 
Fe2+-uptake systems [95,101]. The regulation of psaBCA, pcpA and prtA (the PsaR regulon) 
via PsaR is also controlled by Co2+ and Ni2+.  





To control an excessive amount of Mn2+ (that can be harmful to the cells), S. 
pneumoniae encodes a Mn2+ efflux system, MntE, that removes the excessive amount of Mn2+ 
from the cells and is regulated via an unknown transcriptional regulator [104]. The deletion 
mutant of mntE showed sensitivity to a high level of Mn2+ in the growth medium, and a mntE 
mutant strain was unable to export internal Mn2+ [104].  
Zinc (Zn2+) is an important co-factor for many proteins and has a vital role in the 
expression of several genes that effects the virulence status of S. pneumoniae [55]. In the 
human body, the amount of Zn2+ varies from a few µM to 100 µM, and is the second most 
abundant trace element in the body [105–107] (Table 1). Role of Zn2+ on the gene expression 
of S. pneumoniae is well establish [108]. S. pneumoniae possesses a Zn2+ acquisition system 
AdcRCBA, which consists of a MarR family transcriptional regulator AdcR, ABC 
transporters AdcBC and an extracellular Zn2+ binding protein AdcA [96]. Zn2+ also regulates 
the expression of the Pht family proteins (PhtA, PhtB, PhtD and PhtE) along with the laminin-
binding protein LmB (AdcaII). The transcriptional regular, AdcR, represses the expression of 
adcRCBA, adcAII-phtD and the other pht family genes in the presence of Zn2+ [108]. Since, 
Medium Mn2+ Zn2+ Fe2+ Cu2+ Cd2+ Co2+ Ni2+ 
Blood* 7.70 6717 54893 938 0.99 0.12 0.89 
Serum* 0.62 812 1688 947 0.10 0.19 0.46 
Plasma** 0.78 796 1096 1060 0.11 0.78 0.46 
Cerebrospinal** 





the high concentration of Zn2+ is lethal for the normal growth of S. pneumoniae. It also 
encodes a Zn2+-efflux system CzcD, which is tightly regulated by the transcriptional regulator 
SczA, to overcome the Zn2+-stress [109]. Moreover, in S. pneumoniae Zn2+ induces the PsaR 
mediated expression of the PsaR regulon [55] and binds to PsaA in such a way that it inhibits 
the uptake of Mn2+ leading to the Mn2+ starvation within the cells.  
Iron (Fe2+/Fe3+) is also an essential element for all living organisms, as a wide variety 
of metabolic process depend on the availability of iron. In bacterial pathogens including S. 
pneumoniae, iron plays an important role in the regulation of genes/operons which are 
involved in pathogenesis [74,90]. Iron is the most abundant transition metal ion present in the 
human body (Table 1). It is required for the production of red blood cells, but it is also 
involved in haemoglobin binding to oxygen, thus facilitating oxygen transport from the lungs 
via the arteries to all cells throughout the body [110]. S. pneumoniae has three putative iron 
transport systems i.e. piuBCDA, piaABCD and pitADBC, and their role in virulence has been 
already established [74,111]. The double mutant of piu/pia showed significant growth defects, 
which were reversed by the addition of FeCl2 and FeCl3 [94]. The genes belonging to the 
pitADBC operon also encode similar proteins characterized before [74,112]. As described 
earlier, for the survival and virulence of S. pneumoniae it is very important to detect the 
extracellular and intracellular levels of metal ions, including iron. A transcriptional regulator 
RitR (repressor of iron transport) putatively regulates the expression of piuBCDA and is 
required for murine pneumoniae [113,114]. However, the presence of the CodY binding site 
in the promoter region of piuB also indicates a putative role of CodY in the regulation of this 
operon [115]. The transcriptomic studies in the presence of Fe2+ has shown that out of these 
three putative iron transporters, only piuBCDA is differentially expressed. Moreover, the role 
of CodY and RitR in the regulation of piuBCDA has also been elucidated (Manzoor et al., 
unpublished). 
Copper (Cu2+) is very toxic to microorganisms including S. pneumoniae. 
Pneumococcus contains a significant amount of cell-associated copper [56]. Cu2+ is also 
essential for the proper functioning and development of the human immune system [116]. To 
resist copper toxicity, S. pneumoniae has developed a highly efficient copper export system 
(cop operon). The cop operon codes for three genes, including a transcriptional regulator 
CopY, a copper transport protein, CupA, and the P-type ATPase copper exporter CopA 
(Table 2) [117]. The structural studies of CupA showed that this protein is very important for 




in the colonization of the nasopharynx [117,118]. The expression of the cop operon is induced 
by CopY in the presence of Cu2+ and is repressed by Zn2+ [116].  
Cadmium (Cd2+) is highly toxic in biological systems, though the molecular basis of 
the toxicity of Cd2+ is unclear. Usually, divalent metal transporters like Mn2+ transporters are 
involved in the uptake of Cd2+ in humans and microbes [119,120]. The amount of Cd2+ in 
different parts of the human body is mentioned in Table 1. Recent studies have shown that S. 
pneumoniae can tolerate ~17 mM of Cd2+, which not only inhibits the uptake of Mn2+ and 
Zn2+ but also causes oxidative stress [57]. The dysregulation of Mn2+ and Zn2+ accumulation 
in the presence of Cd2+ follows different mechanisms. Cd2+ directly influences the uptake of 
Mn2+ by competing with Mn2+ for the binding to the PsaA permease. Additionally, Cd2+ also 
influences the the Mn2+-efflux system MntE [57]. As a result, upregulation of the PsaR 
regulon was also observed, which is consistent with previous studies in which the Mn2+-
responsive transcriptional regulator PsaR senses Mn2+-depletion [100,121]. The disruption of 
Zn2+ accumulation occurs via the Zn2+ efflux system CzcD, which was highly upregulated in 
presence of Cd2+, hence, affecting the Zn2+ uptake proteins [122] to compensate the depletion 
of intracellular Zn2+ [57].  
Cobalt (Co2+) is an essential transition metal ion that is situated at the fourth position 
in the Irving-Williams stability series, where the order is Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ > 
Zn2+ [123]. The concentration of Co2+ in the human blood fluids is mentioned in Table 1. In 
certain conditions like metal-on-metal (MoM) hip arthroplasties, the concentration of Co2+ in 
the human body fluids can be elevated up to 20 times [124,125]. The high concentrations of 
Co2+ in the human body have been shown to cause a lung disease called Giant Cell Interstitial 
Pneumonia [126]. A high number of motifs involved in protein metabolism, gene expression 
regulation and carbohydrate metabolism have been identified with a putative Co2+-binding 
capacity in S. pneumoniae [127]. Moreover, the Zn2+-efflux system CzcD in S. pneumoniae 
has been shown to respond to the different concentrations of Co2+ and is regulated by a TetR 
family regulator SczA [109]. S. pneumoniae also possesses the three putative Co2+-transport 
genes cbiO-I, cbiO-II and cbiQ, which have high sequence similarity with the Co2+-transport 
genes in other prokaryotes. The role of Co2+ in the regulation of the cbi operon, the PsaR 
regulon and the Zn2+-efflux system CzcD has been studied in Chapter 4. 
Nickel (Ni2+) is an important transition metal ion that is considered to be an essential 
element for many bacteria [128–130]. The amount of Ni2+ in the human blood is estimated to 





have been identified by Immobilized Metal Affinity Column (IMAC) and LTQ-Orbitrap mass 
spectrometry (MS) [127]. Besides Co2+ and Zn2+, SczA has also been shown to regulate the 
expression the Zn2+-efflux protein CzcD in the presence of Ni2+ [109]. We have reported the 
role of Ni2+ in the regulation of the virulence genes/operon belonging to the AdcR regulon 
(Chapter 5) and the PsaR regulon (Chapter 6).  
 
Table 2: List of metal-responsive genes and their role in virulence and regulators [94].  
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/Co2+/Ni2+  czcD Zinc efflux system No effect [109,135,137]
 
Regulation of carbohydrate metabolism 
For growth and survival within its (human) host, S. pneumoniae not only depends on 
virulence factors and metal ion regulation, but also tightly controls carbohydrate uptake as 
they are the major source of energy in the human niches. However, conditions in the normal 
human airway contain very low concentrations of carbohydrates [138]. S. pneumoniae utilizes 
human glycoproteins to release carbohydrates that can support its growth [69]. It can cleave 
N-linked glycans, O-linked glycans and glycosaminoglycans, which are present on the apical 
surface of the epithelial cells [67,139,140]. 30% of all its transporters encoded by the 
pneumococcal genome are linked with carbohydrate transport [141]. The genome of S. 
pneumoniae encodes two types of carbohydrate transporters, either phosphotransferase 
systems (PTS) or ATP-binding cassette (ABC) transporters. These transporters are shown to 
have the ability to import at least 32 distinct carbohydrates from the environment [142]. There 
are approximately 21 Phosphotransferase systems (PTSs) and about 8 ATP-binding cassette 
(ABC) transporters present in S. pneumoniae [142]. The basic composition of the PTSs is 
similar in all species studied so far, i.e. two cytoplasmic components EI (Enzyme I) and HPr 
that are present in all PTSs, and carbohydrate specific protein EII (Enzyme EII) [143–146]. 
The transport and phosphorylation of carbohydrates is achieved through hydrophobic integral 
membrane domains (domains C and D) and hydrophilic domains (domains A and B), which 
are part of the EII complex [144,145]. Based on the available annotation TIGR4 strain, PTSs 
are categorized in 6 families:The Glucose-Glucoside (Glc) Family, comprising five 
transporters (SP0577, SP0758, SP1684, SP1722 and SP1884); the Fructose-Mannitol (Fru) 
Family, possesses three transporters (SP0394-6, SP0877 and SP1617-8-9); the Lactose-N,N′-
Diacetylchitobiose-β-glucoside (Lac) Family, consisting of six transporters (SP0248-9-50, 
SP0305-8-10, SP0476-8, SP1185-6, SP2022-3-4 and SPH1925-6-7 in strain Hungary 19A); 





Fructose-Sorbose (Man) Family carrying four transporters (SP0061-2-3-4, SP0282-3-4, 
SP0321-3-4-5 and SP2161-2-3-4); and the L-Ascorbate (L-Asc) Family having two 
transporters (SP2036-7-8 and SP2129-30). Table 2 summarizes the recently studied 
carbohydrate systems in S. pneumoniae D39 with their transcriptional regulators.  
S. pneumoniae, like other bacteria, uses glucose as a primary source of energy [142,147]. 
The concentration of glucose is 3.57-6.06 mM in human blood, 0.02-0.4 mM in saliva, <1.0 
mM in nasal secretions and <0.5 mM in lower airway secretions [138,148–150]. An important 
process called carbon catabolite repression (CCR) tightly regulates the utilization of preferred 
sugars i.e. glucose over the utilization of non-preferred ones [84,147,151,152]. The LacI/GalR 
family transcriptional regulator CcpA (carbon catabolite protein A) regulates the expression 
of the CCR system in low-GC Gram positive bacteria including S. pneumoniae and also helps 
the bacteria to adapt to the available carbon sources [144,153]. CcpA binds to cre boxes (a 
specific sequence for CcpA binding) in the promoter regions of non-preferred sugar 
utilization systems and represses their expression, allowing bacteria to utilize effectively the 
preferred sugar first. The position of a cre box is of vital importance for the functioning of 
CcpA [84,154,155]. When the cre box is present just upstream of the promoter, CcpA 
generally acts as transcriptional activator and when the CcpA binding box is present within 
the promoter region, then CcpA binding leads to repression [84,154,155].  
S. pneumoniae has the ability to acquire carbon from the three-carbon molecule glycerol, 
nine hexoses or hexose derivatives, three α-galactosides, two β-galactosides, four α-
glucosides, seven β-glucosides and six polysaccharides. Thus, S. pneumoniae has an 
advantage to survive in the human airway over other bacteria that can utilize less 
carbohydrate sources [142,156–158]. Besides the utilization of carbohydrates as a source of 
energy, a number of carbohydrate transport systems are also involved in pathogenesis.  
The regulation of many carbohydrate transport systems involved in virulence and 
utilization of different sources of carbohydrates has been studied in S. pneumoniae (Table 
3)[159–172]. These carbohydrate sources are maltose, mannose, cellobiose, sialic acid, 











Table 3: List of PTS systems in S. pneumoniae strain D39  
 
Regulator Substrate       Gene taga References 
CelR Beta-glucosides SPD0279/81/83 [173] 
RegR Hyaluronic acid SPD0293/95/96/97 [164,174] 
RokA Mannose, Lactose,Cellobiose SPD0424/26/28 [175]  
LacR Lactose, Galactose, alactitiol SPD0559/60/61 [176] 
MalR Maltose SPD0661 [177] 
LacR Lactose, Tagatose SPD1047/48 [178] 
ScrR Sucrose SPD1532 [179] 
TreR Trehalose SPD1664 (Manzoor et al., unpublished) 
CelR-II Beta-glucosides SPD1831/32/33 [180] 
FcsR Fucose SPD1989/90/91/92 [181] 




S. pneumoniae may encounter galactose in the human nasopharynx [182,183]. The 
impact of lactose and galactose on the gene expression of S. pneumoniae has been studied 
recently [184]. The expression of the lac operon-I (lacABCD) and the lac operon-II 
(lacTFEG) was highly upregulated in the presence of galactose or lactose in the medium. It 
was demonstrated that the expression of the lac operon-I is repressed by the transcriptional 
regulator LacR and that the transcriptional regulator LacT acts as an activator of the lac 
operon-II (lacTFEG). Furthermore, the role of CcpA has also been established in the 
regulation of the lac operon-I and -II [184]. S. pneumoniae also have ability to transport 
sucrose by ABC transporters, and the expression of these ABC transporters is repressed by the 
transcriptional repressor ScrR [179]. RegR is another member of the LacI/GalR family of 
transcriptional regulators and has been shown to regulate the mechanism of hyaluronic acid 
degradation and utilization [185,186]. The cellobiose and raffinose utilization systems have 
also been characterized in S. pneumoniae [169,171,187]. A cellobiose-dependent 
transcriptional activator, CelR, mediates the expression of the cel locus in S. pneumoniae 
[162,188]. The genome of S. pneumoniae also encodes a system (mal regulon) that is involved 
in maltose transport and utilization. The mal regulon is repressed by MalR in the absence of 
maltose [177]. Ascorbic acid and sialic acid are some of the most important carbon sources 
present in the human body. S. pneumoniae has two putative ascorbic acid systems i.e. ula and 
ula2 systems, whereas the nan gene cluster (nan operon-I and nanA) is putatively involved in 
sialic acid transport and the utilization is regulated by NanR [160]. In this thesis, the 





The putative fucose utilization operon (the fcs operon) consists of ten genes including 
a PTS system putatively involved in the uptake of fucose. Four genes, fcsK, eIIA, eIIC and 
gh98 of the fcs operon, are involved in virulence of S. pneumoniae [135,189]. Recent studies 
have shown that the expression of the fcs operon is activated by FcsR in the presence of 
fucose (Chapter 3). The tre system (trehalose utilization operon) has been shown to be 
required by S. pneumoniae to grow on trehalose as a sole carbon source [190]. The tre operon 
encodes an alpha-phosphotrehalase TreC (SPD_1663) and trehalose-specific IIABC 
components TreP (SPD_1664), which has high sequence similarity with amylotrehalase 
(TreC) of E. coli, [191] and the first trehalose PTS reported in Vibrio parahaemolyticus [192], 
respectively. DNA microarray studies and β-galactosidase assays of the tre operon have 
shown that it is highly upregulated in the presence of trehalose. It is regulated by two 
transcriptional regulators, TreR and CcpA, in such a way that TreR activates the expression of 






Outline of the thesis 
Varying concentrations of carbohydrates and metal ions play a vital role in the 
regulation of many genes important for survival and virulence of S. pneumoniae. The research 
conducted in this thesis elaborates on the methodology of DNA microarray analysis and the 
impact of carbon source (fucose) and metal ions (Co2+ and Ni2+) on the gene expression of S. 
pneumoniae. 
 Chapter 2 describes the use of state-of-the-art technology provided by DNA-
microarrays. DNA microarrays provide an overview of the total transcriptomic changes in 
bacteria incurred under a specific condition. In Chapter 2, we have elaborated the 
methodology of DNA microarray and highlighted the ease by which large set of DNA 
microarray data can be analyzed by using convenient in-house developed software packages.  
 In Chapters 3, the impact of fucose on the transcriptome of S. pneumoniae D39 is 
studied by using DNA microarrays, and the regulatory mechanism of the fcs operon in 
response to fucose is characterized. Chapter 3 demonstrates that the expression of the fcs 
operon is upregulated in the presence of fucose and that the transcriptional regulator FcsR acts 
as a transcriptional activator of the fcs operon. The regulatory site for FcsR in the promoter 
region of fcs operon is predicted through bioinformatics analysis and verified by promoter 
truncation studies. 
 Chapter 4 illustrates the impact of Co2+ on the transcriptome of S. pneumoniae D39. 
Our transcriptome analysis in the presence of high concentration of Co2+ showed that the 
expression of the cbi operon (putative Co2+ transport system), Zn2+-efflux system czcD and 
the PsaR regulon (pcpA, prtA and psaBCA) is highly upregulated in the presence of Co2+. The 
transcriptomes data are further confirmed by β-galactosidase assays. In Chapter 4, we have 
further studied the regulatory mechanism of the PsaR regulon in more details. ICP-MS 
analysis and EMSAs performed in Chapter 4 confirms the direct role of Co2+ in the 
derepression of the PsaR regulon and demonstrates the opposite role of Co2+ and Mn2+ in the 
regulation of PsaR regulon, where Mn2+ represses and Co2+-derepresses the expression of the 
PsaR regulon via the transcriptional regulator PsaR. 
 The effect of Ni2+ on the gene expression of S. pneumoniae is elaborated in chapter 5 
and 6. Chapter 5 demonstrates the impact of Ni2+ on the whole transcriptome of S. 








the PsaR regulon (pcpA, psaBCA and prtA) and SczA regulon are highly upregulated in the 
presence of Ni2+. The role of Ni2+ in the regulation of the AdcR regulon is further studied in 
the chapter 5. We establish the role of Ni2+ in the derepression of the AdcR regulon via 
transcriptional regulator AdcR and demonstrate the opposite effects of Ni2+ and Zn2+ on the 
regulation of the AdcR regulon. In chapter 6, the Ni2+-dependent regulation of the PsaR 
regulon and interplay of Mn2+ and Ni2+ is explored. We demonstrate that the high 
concentration of Ni2+ causes cell-associated Mn2+ deficiency which results in the upregulation 
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Gene expression and its regulation are very important to understand the behavior of cells 
under different conditions. Various techniques are used nowadays to study gene expression, 
but most are limited in terms of providing an overall picture of the expression of the whole 
transcriptome. DNA microarrays offer a fast and economic research technology, which gives 
a full overview of global gene expression and have a vast number of applications including 
identification of novel genes and transcription factor binding sites, characterization of 
transcriptional activity of the cells and also help in analyzing thousands of genes (in a single 
experiment). In the present study, the conditions for bacterial transcriptome analysis from cell 
harvest to DNA microarray analysis have been optimized. Taking into account the time, costs 
and accuracy of the experiments, this technology platform proves to be very useful and 
universally applicable for studying bacterial transcriptomes. Here, we perform DNA 
microarray analysis with Streptococcus pneumoniae as a case-study by comparing the 
transcriptional responses of S. pneumoniae grown in the presence of varying L-serine 
concentrations in the medium. Total RNA was isolated by using a Macaloid method using an 
RNA isolation kit and the quality of RNA was checked by using an RNA quality check kit. 
cDNA was prepared using reverse transcriptase and the cDNA samples were labelled using 
one of two amine-reactive fluorescent dyes, . Homemade DNA microarray slides were used 
for hybridization of the labelled cDNA samples and microarray data were analyzed by using a 
cDNA microarray data pre-processing framework (Microprep). Finally, Cyber-T was used to 
analyze the data generated using Microprep for the identification of statistically significant 
differentially expressed genes. Furthermore, in-house built software packages (PePPER, 
FIVA, DISCLOSE, PROSECUTOR, Genome2D) were used to analyze data. 
 
Introduction 
The study of the whole set of mRNA abundance (transcriptome) encoded by the 
genome of a unicellular organism or a eukaryotic cell at a specific time or under a specific 
condition, including gene overexpression or knock-out, is called transcriptomics. 
Transcriptomics allows us to observe to what extent genes are expressed under a particular 
condition at a time point X and gives us information about how strongly the genes are 
expressed relative to a reference.  
A microarray is a two-dimensional array on a solid substrate (usually a glass slide or 




high-throughput screening, and miniaturized, multiplexed and parallel processing and 
detection methods. Microarrays come in various types, including DNA-microarrays, protein 
microarrays, peptide microarrays, tissue microarrays, antibody microarrays, cellular 
microarrays and others. A DNA microarray is basically an assembly of microscopic DNA 
spots fixed to a solid surface, usually glass. DNA microarrays are used to measure the 
expression levels of a gene or a set of genes simultaneously or to genotype multiple regions of 
a genome [193,194]. Picomoles (10-12 moles) of a probe are present within each DNA spot 
that represents a specific DNA sequence, also known as a reporter. The labelled mRNA 
molecules from the samples are called ‘targets’. Fluorophores are used to measure probe-
target hybridization and detection of fluorophore-labelled targets determines the relative 
abundance of nucleic acid sequences in the target. A microarray experiment can accomplish 
multiple genetic tests in parallel because an array may contain tens of thousands of probes. 
The layout of a simple microarray experiment is shown in Figure-1. Recently, it was 
established in our and other labs that these arrays are reusable, which makes this technique 
quite cost-effective. 
Different RNA isolation and purification techniques have been developed over the 
years including C-TAB, SDS and GT methods [195,196,196,197]. Furthermore, several 
commercial kits are also available. For gene expression high quality RNA is very important. 
Therefore, the RNA isolation methods are modified to get a maximum quantity of RNA. 
Similarly, the steps for cDNA preparation and labelling of cDNA are minimized. 
Normalization of data after scanning is also performed efficiently by using in-house built 
software packages and tools [198]. 
Streptococcus pneumoniae is a Gram-positive human pathogen that colonizes the 
nasopharynx and is the cause of multiple infections such as pneumonia, sepsis, otitis media 
and meningitis [7]. The bacterium can utilize a wide variety of the nutrients required for 
growth and survival [178,199]. A number of studies have been carried out on the 
pneumococcal nitrogen metabolism and regulation emphasizing the importance of amino 
acids and their role in virulence [85,86]. In this study, the transcriptomic response of S. 
pneumoniae to changing concentrations of L-serine, an amino acid abundantly present in the 
human blood plasma, is reported using DNA microarrays. The transcriptomic response of S. 
pneumoniae grown in a minimum concentration of L-serine (150 µM) was compared to that 
grown in a maximum concentration (10mM) of serine. Chemically defined medium (CDM or 
minimal medium) [200] was used for this study to control the concentration of serine. The 






data normalization and analysis. Therefore, a number of tools were developed for analysis and 
data interpretation. FIVA (Functional Information Viewer and Analyzer) provides a platform 
for processing information contained in clusters of genes having similar gene expression 
patterns and for constructing functional profiles [201]. PROSECUTOR is another software 
package that facilitates the identification of putative functions and annotations of genes [202]. 
By making use of clustering methods, DISCLOSE provides a DNA binding site detection 
algorithm. Cis-regulatory motifs of genes can be projected by using this algorithm [203]. 
Genome2D offers a Windows-based platform for visualization and analysis of transcriptome 
data by offering different color ranges to characterize the changes in gene expression levels 
on a genome map [204]. The PePPER webserver offers, in addition to the all-in-one analysis 
method, a toolbox for mining for regulons, promoters and transcription factor binding sites 
[205]. Full annotation of intergenic regions in a bacterial genome can be achieved by using 
this package. Biologists can greatly benefit from PePPER as it offers them a platform for 
designing experiments so that the hypothesized information can be confirmed in vitro [205]. 
These software packages contribute significantly to the microarray analysis as most of them 
are freely available and make data normalization and analysis very reliable. 
 
Materials and Methods 
1. Preparation of media, and cell culture 
 
1.1 Grow S. pneumoniae D39 wild-type strain [206] as described previously[184]. Inoculate 
cells stored at -80oC in 10% glycerol (with 1/100 ratio in 50 ml sterile tubes) in 50 ml 
Chemically Defined Medium (CDM) with a final pH of 6.4 [200], but omit L-serine from the 
amino acid mixture.  
Note: two different CDMs were used; one containing a minimum concentration of L-serine 
(150µM) and the other containing a maximum concentration of L-serine (10mM). This 
minimum concentration is basically the concentration of L-serine in human blood plasma and 









2. Isolation of Total RNA 
2.1) Materials 
2.1.1) Use acid phenol, RNA grade for the isolation of total RNA. 
2.1.2) Macaloid: 
2.1.2.1) Suspend 2 grams of macaloid in 100 ml TE and boil for 5 minutes. 
2.1.2.2) Cool to room temperature and sonicate until macaloid gels. 
2.1.2.3) Centrifuge the solution at 2000×g for 5 minutes at room temperature, resuspend in 
50 ml TE pH 8 and store at 4°C. 
2.1.3) Solutions: 
2.1.3.1) Treat all solutions with diethyl pyrocarbonate (DEPC). Add 100 µl DEPC/100 ml 
solution, incubate overnight at 37°C and autoclave for 15 minutes. 
 
2.2) Methodology 
2.2.1) Grow 50 ml of S. pneumoniae D39 cell culture in 50 ml tubes at 37 oC (no shaking) 
until mid-exponential phase (OD ~0.3). Centrifuge cultures at 4°C on 10,000×g for 2 minutes. 
Discard media and immediately freeze the cell pellets in liquid nitrogen. 
2.2.2) Premix 300 μl chloroform:IAA (24:1) and 300 μl phenol (acid phenol, RNA grade). 
Use 500 μl of the organic phase in step 2.2.3. 
2.2.3) Prepare the following mixture in advance in RNA-free screw-cap tubes: 0.5 g glass 
beads, 50 μl 10% SDS, 500 μl phenol/chloroform:IAA (as prepared in step 2.2.2), macaloid 
layer (150-175 μl, not exact as it is very viscous). Resuspend the cell pellets in 400 μl TE 
(DEPC) and add the resuspended cells into the screw-cap tubes. 
2.2.4) To break the cells, place the screw-cap tubes in a bead beater for 2x 60” pulses 
(‘homogenize’) with 1 minute interval on ice. Centrifuge the samples for 10 minutes at 
10,000×g (4°C). 
2.2.5) Transfer the upper phase to a fresh tube, add 500 μl chloroform:IAA (24:1) and 
centrifuge for 5 minutes at 10,000×g (4°C). 
2.2.6) Transfer 500 μl of the upper phase to fresh tubes, add 2 volumes (1 ml) of lysis/binding 
buffer and mix by pipetting up and down. Isolate total RNA using the RNA isolation kit and 











3.1) To remove the contamination of DNA from total RNA, add 100 μl DNAseI mix (90 μl 
DNAse buffer and 10μl DNAseI) and incubate for 20-30 minutes at 15-25 ºC. 
3.2) Wash cleaned RNA using the RNAse kit. Obtain 50 μl of eluted volume. 
 
4. Analysis of RNA 
4.1) Determine the concentration of RNA on a spectrophotometer. 
4.2) Determine the quality of RNA by using an assay as follows (Figure-2): 
4.2.1) Dilute 1 µl of sample with 50 µl of DEPC water to get a concentration of 20-200 ng/µl. 
4.2.2) Use 1 µl diluted RNA sample to check quality on the Bioanalyser according to the 
manufacturer’s instructions. 
Note: a ratio of 23S:16S of around 2.0 is considered good. 1 A260 unit RNA corresponds to 
40 μg/ml. A recommended amount for labeling is 10-20 μg. 
 
5. cDNA preparation and labelling  
The following protocol was followed for cDNA preparation and labelling.  
5.1) Annealing 
5.1.1) Perform annealing reaction in 300 μl PCR tubes, keeping the concentration of total 
RNA 10-15 μg for homemade slides or 5 μg for company-made slides. Mix RNA with 2 μl 
Random nonamers (1.6 μg/μl) and add nuclease-free water if necessary to keep the final 
volume of the annealing mixture to 18 μl.  
5.1.2) Keep the annealing mixture at 70°C for 5 minutes. After that, cool down the mixture to 
room temperature for 10 minutes (annealing) and if needed, spin down the reactions to the 
bottom of the tube. Place the reaction tubes on ice for at least 1 minute. 
5.2) Reverse Transcription  
5.2.1) Prepare the reverse transcriptase mix as follows: to 18 μl annealing mix, add 12 μl 
Master mix (consisting of 6 μl 5x First Strand buffer, 3 μl 0.1 M DDT, 1.2 μl 25x AA-dUTP / 
nucleotide mix and 1.8 μl reverse transcriptase (1 μl for company-made slides). Keep the 
reaction mix for 2-16 hours at 42°C.  
 
6. Degradation of mRNA and Purification of cDNA 
6.1) To degrade the mRNA from the reaction mixture, add 3 μl of 2.5 M NaOH and place at 





6.2) Purify the cDNA mixture by using PCR clean-up columns and follow the manufacturer’s 
protocol. 
 
7. Measurement of cDNA concentration 
7.1) Measure cDNA concentrations on a spectrophotometer. To continue with labelling, check 
that the concentration of cDNA is at least 60 ng/μl (homemade slides) or 20 ng/μl (company-
made slides). 
 
8. Labelling of cDNA with amine-reactive dye and Purification 
8.1) Use amine-reactive dye to label the cDNA. Directly mix the cDNA with one aliquot (5 
μl) of amine-reactive dye. 
8.2) Incubate the mixture at room temperature, in the dark, for 60 to 90 minutes and proceed 
directly to purification of dye-labelled cDNA. Purify dye-labelled cDNA by using PCR clean-
up columns and following the manufacturer’s protocol. Elute cDNA in 50 μl of elution buffer. 
 
9. Measurement of labelled cDNA 
9.1 Use a spectrophotometer to measure the incorporation of amine-reactive dyes into the 
cDNA. Check that the concentration of amine-reactive dyes is at least 0.5 pmol/μl in a total 
volume of 50 μl. 
 
10. Mixing of labelled cDNA samples 
10.1 For homemade slides, use all the labelled cDNA for hybridization with not more than 
30% difference in cDNA concentration. For company-made slides, use cDNA with not more 
than 2-fold difference in cDNA concentration. Note: normally, about 300 ng of cDNA is 
needed for company-made slides, which is very little as compared to the required amount of 
cDNA for homemade slides. 
 
11. Hybridization and washing 
11.1) Use the following reagents: demi water, ethanol 99%, SHY Buffer (homemade; with 40 
µl yeast RNA). Prepare maximum 1 ml of SHY. 
11.2) Apparatus and solutions preparation 
11.2.1) Switch on vacuum concentrators and heater at least 1 hour before drying. 
11.2.2) Switch on hybridization oven, with set point adjusted to the correct hybridization 






11.2.3) Similarly, preheat hybridization cassette and oven for 30-60 minutes. 
11.2.4) Preheat SHY buffer at 68 ˚C for at least 30 minutes. 
11.3) Sample preparation (labelled cDNA) 
11.3.1) Combine equal quantities of labelled cDNAs (max 30% difference). Dry the sample 
using the vacuum concentrators at high temp (approx. 40 minutes) until the volume is smaller 
than 7µl. 
11.4) Lifter-slip 
11.4.1) Use clean lifter-slips. Note: ± 30 μl can be loaded on the slide. 
11.4.2) Clean the lifter-slips with soap, plenty of tap water and 100% ethanol. Note: Dirty 
lifter slips give high background. 
11.4.3) Air dry the lifter-slips with air pistol to blow away dust particles. Place a clean lifter-
slip on the slide with the white teflon lining at the sides facing down. 
11.5) Adding hybridization buffer (to labelled cDNA) 
11.5.1) Dissolve the dried dye samples in 7 µl H2O and incubate at 94°C for 2 minutes. 
11.5.2) Immediately, add 35 µL preheated SHY buffer (68°C), mix gently and spin at 
maximum speed for 1 minute to get rid of precipitates. Preheat the probe at 68˚C for 
approximately five minutes until loading. 
11.6) Slide-lifter-slip assembly and preheating. 
11.6.1) Place the hybridization slide holder on a heat-block at 50˚C. Place DNA microarray 
slides with the lifter-slip on the heated hybridization slide holder and preheat the slide with 
lifter-slip for a minute. Perform the next steps as quickly as possible. 
11.6.2) Add 40 µL of the sample target to the end of the slide. Allow the fluid to flow 
between the glass surfaces by capillary force. Perform all pipetting slowly and carefully. 
11.6.3) Keep the slides with lifter-slip horizontal at all times and move slowly to make sure 
that the lifter-slip did not move. 
11.6.4) Take the pre-warmed hybridization cassette out of the hybridization oven and close 
the machine. Place filter-paper soaked with 3 ml 2x SSC (standard saline citrate) in the 
hybridization cassette. 
11.6.5) Gently place the hybridization slide holder with slides in the hybridization cassette. 
Close the hybridization cassette and put in the hybridization oven again (for about 16-18 
hours).  




11.7.1) Prepare fresh wash-buffers I, II and III (750ml per wash step). For 500 ml wash-buffer 
I, use 2 x SSC/0.5 % SDS. For 500 ml wash-buffer II, use 1 x SSC/0.25 % SDS. For 500 ml 
wash-buffer III, use 1 x SSC/0.1 % SDS (optional) 
11.7.2) Place the wash-buffers at 30°C (to be sure SDS is dissolved). 
11.7.3) Submerge the slides as quickly as possible, but very gently, in a falcon tube filled with 
50 ml wash buffer I until the glass rests on the conical bottom of the tube. 
11.7.4) After a few seconds, when the lifter-slip sinks to the bottom of the tube, take out the 
slide with tweezers without scratching the array and put in the rack of the wash station. 
Continue with the washing with no time gap. Dry the slides for 2 minutes at 2000 rpm. 
 
12. Microarray Analysis 
12.1) Scan images with respective wavelengths in scanner and save in a folder “Jove Project”.  
12.2) Use software to analyze the scanned files initially as described previously [207]. After 
running this software, select the “Open Image” tab to load the red image file (-.550) as “Red” 
and green image file (-.635) as “Green”. Upload the gal file (.gal) having S. pneumoniae array 
list on image file by selecting “Load Array List” tab [207]. 
Note: this array list consisted of 48 grids, on each grid there were 16 rows and 15 columns. 
Each spot on the grid represents a single gene and spot information including gene name is 
added through a spot description file. The spot numbers are given from left to right and top to 
bottom. 
12.3) After carefully spotting the grids, select tab “Find Array, Find Blocks, Align Features” 
to align the spots. After aligning all the features, analyze the image by selecting the 
“Analyzing” tab. Create a new file having results, histogram and scatter plot. Save this file 
from tab “Save results as” as a .gpr file for further analysis. 
12.4) Perform further normalization and processing of data with in-house developed 
Microprep software package as described [198]. 
12.5) Use independent biological replicates for DNA microarray data which are dye-swapped. 
Perform CyberT implementation of a variant of t-test[208] and calculate false discovery rates 
(FDRs) as described [198]. 
12.6) For differentially expressed genes, take p < 0.001 and FDR < 0.05 as a standard.  
12.7) Upload DNA microarray data on NCBI submission page to get a GEO (Gene 








RNA, cDNA isolations and analysis 
L-serine is one of the essential amino acids and its concentration in human blood 
plasma varies from 60-150 µM in children and adults. Its role in the biosynthesis of purines 
and pyrimidines highlights its importance in metabolism and it is a precursor to several amino 
acids (glycine, cysteine and tryptophan). To study the impact of L-serine on the whole 
transcriptome of S. pneumoniae D39 wild-type strain, microarray analysis of the D39 strain 
grown in CDM with a minimum concentration (150 µM) of L-serine against that grown in a 
maximum concentration (10mM) in the same medium was performed. First of all, total RNA 
from cells grown under both concentrations was isolated. The concentrations of the RNA 
samples are given in Table 1. The quality of total RNA was examined using the quality check 
assay. RNA was treated with DNase I before performing this assay to remove the possible 
genomic DNA. Figure-2 shows the quality of RNA; lane L represents the ladder, lanes 1 and 
2 represent RNA from 150µM serine and lanes 3 and 4 represent the RNA from 10 mM 
serine. The presence of two clear bands corresponding to the two RNA subunits indicated the 
good quality of RNA and the next step of the experiment could be performed. 
Table 1: Hybridization scheme of the samples used in the microarray analysis 
















S1 R1 CDM + Minimum L-serine 2057 255 225 0.8   R1+R3  
  R2 CDM + Minimum L-serine 2566 201 179   1.2 R2+R4  
S2 R3 CDM + Maximum L-serine 2831 292 276   2.3   
  R4 CDM + Maximum L-serine 1867 172 150 1     
 
After measuring the quality of RNA, cDNA synthesis was done. cDNA was formed 
by using random nanomers and reverse transcriptase enzyme. The concentrations of the 
cDNA samples are given in Table 1. This cDNA was labelled with amine-reactive dyes and 
the concentrations of the labelled cDNA and dye labels are given in Table 1. After labelling, 
samples were mixed accordingly and then hybridized. After washing, slides were scanned 
using the scanner, and analysis was performed using Gene Pix Pro software. Figure-3 shows 
the scatter plot analysis of the amine-reactive dyes ratio. After initial analysis, data was 




reduce noise and Cyber-T was used for final analysis. Table 2 summarizes the results of the 
microarray studies after applying the criteria of ≥ 2.0 fold difference and p-value < 0.001. A 
number of genes were differentially expressed in the presence of minimum L-serine as 
compared to the maximum (Table 2).  
Table 2: List of genes regulated in the transcriptome comparison of S. pneumoniae strain D39 wild-type grown 
in CDM with minimum concentration of L-serine and CDM with maximum concentration of L-serine.  
 
Genea Functionb Ratioc 
Spd_0600 Cell division protein DivIB 4.0
Spd_0445 Phosphoglycerate kinase 3.5
Spd_0646 Hypothetical protein 3.4
Spd_0873 Hypothetical protein 3.3
Spd_1223 Hypothetical protein 3.3
Spd_0980 Ribose-phosphate pyrophosphokinase 2.8
Spd_1628 Xanthine phosphoribosyltransferase 2.7
Spd_1011 Glycerate kinase 2.4
Spd_0645 Hypothetical protein 2.3
Spd_0564 Hypothetical protein 2.2
Spd_0641 Mannose-6-phosphate isomerase, class I, ManA 2.1
Spd_1333 Hypothetical protein 2.1
Spd_1384 Cation efflux family protein 2.1
Spd_1432 UDP-glucose 4-epimerase, GalE-1 2.1
Spd_1866 N-acetylglucosamine-6-phosphate deacetylase, NagA 2.1
Spd_0104 LysM domain protein 2.0
Spd_0140 ABC transporter, ATP-binding protein 2.0
Spd_0261 Aminopeptidase C, PepC 2.0
Spd_1350 Hypothetical protein 2.0
Spd_1822 Ribosomal large subunit pseudouridine synthase, RluD subfamily protein 2.0
Spd_0453 Type I restriction-modification system, S subunit -2.0
Spd_0459 Heat shock protein GrpE -2.0
Spd_1006 Glucose-1-phosphate adenylyltransferase -2.0
Spd_1799 Sensor histidine kinase, putative -2.1
Spd_0387 Beta-hydroxyacyl-(acyl-carrier-protein) dehydratase FabZ -2.2
Spd_1494 Sugar ABC transporter, permease protein -2.2
Spd_0974 Class I glutamine amidotransferase, putative -2.4
Spd_1600 Anthranilate phosphoribosyltransferase -2.5
Spd_1472 Isoleucyl-tRNA synthetase -2.6
Spd_0681 Hypothetical protein -2.7
Spd_0501 Transcription antiterminator, LicT -3.4
aGene numbers refer to D39 locus tags. bD39 annotation/TIGR4 annotation [206]. cRatio represents the fold 
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reduces the amount of discarded data. The ease with which the software can be used makes it 
possible for the researcher to have an understanding of the DNA microarray data in minimum 
time. It takes only a couple of minutes to convert the raw signal data into high-quality data for 
further processing after slide image analysis is done. Further analysis on the pool of genes 
regulated in the microarray can be done using different in-house software packages. They 
include PePPER [209], FIVA [210], DISCLOSE [211], PROSECUTOR [212] and 
Genome2D [204]. These Windows-based tools and software packages are user-friendly and 
provide deep insight into the data during further investigation. These software packages make 
it very easy and handy for the researchers to utilize this technology as the data becomes much 
more meaningful and relevant. 
The dyes used in microarrays are known to be susceptible to an ozone-effect, where 
the dyes become unstable in the presence of ozone and signal strength is so low that it cannot 
be recognized by the scanner. Amine-reactive dyes which are less sensitive to the ozone-
effect are used to label cDNA. The solution to ozone-effect will make this technology even 
better. 
A list was created of genes that were up- or downregulated in the presence of the 
minimal L-serine concentration as compared to the maximum (Table 2). The upregulated 
genes can be categorized according to their product’s function. Seven of them encode 
hypothetical proteins, four are involved in carbohydrate transport and metabolism, a cell 
division protein DivIB, and certain amino acid transport and metabolism genes. Similarly, 
there are also certain genes that are downregulated in our tested condition. A BglG-family 
transcriptional regulator LicT, some carbohydrate genes and some amino acid-specific genes 
are among the downregulated genes. A heat-shock protein GrpE is also among the down-
regulated ones. Therefore, this study provides a complete overview of the genes differentially 
expressed under the tested conditions. After analysis of the results, sometimes verification of 
the results is necessary. This can be either done by qPCR or β-galactosidase assays using lacZ 
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In this study, we explore the impact of fucose on the transcriptome of S. pneumoniae D39. 
The expression of various genes and operons, including the fucose uptake PTS and utilization 
operon (fcs operon), was altered in the presence of fucose. By means of quantitative RT-PCR 
and β-galactosidase analysis, we demonstrate the role of the transcriptional regulator FcsR, 
present upstream of the fcs operon, as a transcriptional activator of the fcs operon. We also 
predict a 19-bp putative FcsR regulatory site (5’-ATTTGAACATTATTCAAGT-3’) in the 
promoter region of the fcs operon. The functionality of this predicted FcsR regulatory site 
was further confirmed by promoter-truncation experiments, where deletion of half of the 
FscR regulatory site or full deletion led to the abolition of expression of the fcs operon. 
 
Introduction 
Streptococcus pneumoniae is a human pathogen that resides in the nasopharynx of 
healthy adults and children [213]. In favorable conditions, it has the ability to transmit to 
different parts of the human body to cause serious infections like pneumoniae, otitis media, 
septicemia or meningitis [214,215]. During the transmission from the nasopharynx to other 
parts of the human body, it may encounter different environmental conditions. These 
conditions may include the availability of different carbon sources. To adopt to the fluctuating 
levels of carbon sources, S. pneumoniae has to fine tune its gene expression accordingly 
[173,216]. 
Glucose is considered as a preferred source of energy for many bacteria, including S. 
pneumoniae. However, bacteria have the ability to use other carbon sources as well, when 
glucose is not available in the environment [144]. S. pneumoniae has been shown also to 
utilize various other carbon sources, including sucrose, galactose, lactose, and others as well 
[190]. 30% of all the transporters encoded by the genome of S. pneumoniae are putatively 
involved in the transport and metabolism of carbohydrates [217]. The presence of such a high 
number of carbohydrate-specific transporters including many PTS systems also enables S. 
pneumoniae to utilize many different types of carbon sources. The regulatory mechanism of 
many of the carbohydrate systems specific to galactose, sucrose, raffinose, lactose, cellobiose, 
ascorbic acid and others has already been studied in S. pneumoniae [159,171,180,184]. 
However, regulatory mechanisms of many other systems including the fucose utilization 
operon (fcs operon) still need to be explored. It has been reported that two types of fsc 





pneumoniae [218]. The major difference between type-1 and type-2 fsc operons is the 
presence of ABC (ATP-binding cassette) transporters in type-1, while the type-2 operon 
contains PTS (phosphotransferase systems) shown in Figure-1. The regulatory mechanism of 
the fsc operon has not been studied in any of the known pneumococcal strains. Interestingly, 
S. pneumoniae is unable to utilize fucose as a sole carbon source. However, the expression of 
the type-2 fsc operon present in the TIGR4 strain has been shown to be induced by fucose 
[165]. Despite the fact that S. pneumoniae is unable to use only fucose, the fsc operon was 
also found to be involved in virulence [189,219]. It has been shown that deletion of the 
complete fsc operon or deletion of the genes fcsK, eIIA, eIIC or gh98 compromised the 
bacterium's ability to cause acute respiratory disease in a mouse model [219,220]. Moreover, 
the fsc operon is highly conserved in all pneumococcal strains, hence supporting its role in 
virulence. 
In this study, we performed a transcriptomic comparison of S. pneumoniae D39 in the 
absence or presence of fucose to identify the fucose-responsive genes and investigated the 
regulation of the fcs operon. We further demonstrate that FcsR acts as a transcriptional 
activator of the fcs operon in the presence of fucose. Furthermore, we have identified a 
putative 19-bp (5’-ATTTGAACATTATTCAAGT-3’) regulatory site for FcsR in the 
promoter region of the fcs operon. This regulatory site was further confirmed to be functional 
by promoter truncation studies. 
 
Materials and Methods 
Bacterial strains, growth conditions and DNA manipulation 
Bacterial strains and plasmids used in this study are listed in Table 1. Escherichia coli 
strain EC1000 was cultured at 37 °C in liquid broth (LB) medium. M17 broth [221] 
supplemented with 1% (v/v) defibrinated sheep blood and 0.5% (w/v) Glucose, was used to 
grow S. pneumoniae D39 on blood agar plates in micro-aerophilic conditions at 37 °C. Where 
necessary for selection, media were supplemented with the following concentrations of 
antibiotics: spectinomycin: 150 µg ml-1 and tetracycline: 1 µg ml-1 for S. pneumoniae; 
ampicillin: 100 µg ml-1 for E. coli. For β-galactosidase assays, derivatives of S. pneumoniae 
D39 were grown in M17 broth [221] supplemented with different concentrations (w/v) of 
various sugars (fucose, glucose, fructose, xylose, galactose, lactose, maltose, sorbitol, 
arabinose, trehalose and sucrose) as mentioned in the Results and cells were harvested at their 
respective mid-exponential growth phases. β-galactosidase activity was measured as 




described before [222]. All bacterial strains used in this study were stored in 10% (v/v) 
glycerol at -80 °C. Primers used in this study are listed in Table 2. Chromosomal DNA of S. 
pneumoniae D39 (Lanie et al., 2007) was used as a template for PCR amplification. All DNA 
manipulations were performed as described [223]. 
Table 1: List of strains and plasmids used in this study. 
 
Strain/plasmid Descriptiona Source 
S. pneumoniae   
D39 Serotype 2 strain, cps 2  [206]  
IM200 D39 ΔfcsR::SpecR This study 
IM201 D39 ΔbgaA::PfcsK-lacZ; TetR This study 
IM202 IM200 ΔbgaA::PfcsK-lacZ; TetR  This study 
IM203 D39 ΔbgaA::PfcsK-P1-lacZ; TetR This study 
IM204 D39 ΔbgaA::PfcsK-P2-lacZ; TetR This study 
IM205 D39 ΔbgaA::PfcsK-P3-lacZ; TetR This study 
E. coli 
EC1000 Km
R; MC1000 derivative carrying a single copy of the pWV1 





R TetR; promoter-less lacZ. For replacement of bgaA with 
promoter lacZ fusion. Derivative of pTP1 [222] 
pIM101 pPP2 PfcsK This study 
pIM102 pPP2 PfcsK-P1 This study 
pIM103 pPP2 PfcsK-P2 This study 
pIM104 pPP2 PfcsK-P3 This study 
 
Construction of deletion mutant of fcsR  
The fcsR mutant was constructed by allelic replacement with a spectinomycin-
resistance cassette as described before [173]. Briefly, primers fcsR-1/fcsR-2 and fcsrR-
3/fcsR-4 were used to generate PCR fragments of the left and right flanking regions of the 
fcsR. The PCR product of the spectinomycin-resistance gene was generated with primers 
Spec-F/Spec-R from pORI38 plasmid. Then, by restriction and ligation, the left and right 
flanking regions of the fcsR were fused to the spectinomycin-resistance gene. The resulting 
ligation product was transformed to S. pneumoniae D39 wild-type and selection of the fcsR 
mutant was done on the appropriate concentration of spectinomycin. Spectinomycin-resistant 
clones were further confirmed for the presence of the fcsR deletion by PCR and DNA 
sequencing.  
 
Construction of a transcriptional lacZ-fusion of the fcsK promoter 
Transcriptional lacZ-fusion to fcsK promoter region (P0) was constructed in pPP2 





This plasmid was further introduced into S. pneumoniae D39 wild-type and ΔfcsR, resulting 
in strains IM201-202, respectively. pIM101 was checked by PCR and DNA sequencing for 
the presence of the right insert. 
Table 2: List of primers used in this study  
Name Nucleotide Sequence (5’3’) Restriction 
site 
fcsk-Fr CATGGAATTCAATCAATTCAAGTACACGTTC EcoRI 
fcsk-Rv CATGGGATCCAGAAGTCGCACCTAAATC BamHI 
fcsk-m-Fr CGGGAATTCCCTCTTTAGACAGATTC EcoRI 
fcsk-P1-Fr CATGGAATTCGGGTTAACATTTGAACATTATTC EcoRI 
fcsk-P2-Fr CATGGAATTCTATTCAAGTAAGCGTTCACATATTG EcoRI 
fcsk-P3-Fr CATGGAATTCGTTCACATATTGAAAAAATAAAAC EcoRI 
fcsk-P4-Fr CATGGAATTCTGGGTTAACATCTGCACATGATTCACGTAAGCGTTC EcoRI 
fcsR–1 CAGGAAGTAAAGATGAATCCAATTC - 
fcsR–2 GCTATGGCGCGCCAAGCTCCTCCTAATTTATC Asc1 
fcsR–3 GCTAAGCGGCCGCAATAGGAAGCTAGTCTCAGCTTG Not1 
fcsR–4 GCTATAATAGTAAGAGCAAGCTCTGG - 
Spec-Fr GCATAGGCGCGCCCTAATCAAAATAGTGAGGAGGATAT AscI 
Spec-Rv CGATTGCGGCCGCACTAAACGAAATAAACGCTAAAACG NotI 
RT-PCR primers 
fcsK-Fr GGTGCGACTTCTGGA  
fcsK-Rv CAACTCCCCATGTGTC  
fcsU-Fr CTCCAGATTTATTGA  
fcsU-Rv CTGAATTGAACTATCG  
fcsI-Fr CGTCCGACTATTGATG  
fcsI-Rv CTCATGGGAAGCTGC  
gyrA-Fr CGAGGCACGTATGAGCAAGA  
gyrA-Rv GACCAAGGGTTCCCGTTCAT  
 
Subcloning of the fcsK promotor 
A scheme of the fcsK promoter truncation is shown in Figure-2. Transcriptional lacZ-
fusions of fcsK truncated promoters P1 (Truncation of fcsK promoter keeping the putative 
FcsR regulatory site intact), P2 (Half truncation of FcsR regulatory site in the fcsK promoter) 
and P3 (Full truncation of FcsR binding site in the fcsK promoter) were constructed in pPP2 
[222] with primer pairs listed in Table 2, resulting in plasmids pIM102-104. These plasmids 
were subsequently introduced into S. pneumoniae D39 wild-type, resulting in strains IM203-




Using DNA microarray analysis, the transcriptome of S. pneumoniae D39 wild-type 
strain grown in three biological replicates in FM17 (0.5% Fucose + M17) was compared to 
that grown in GM17 (0.5% Glucose + M17). Cells were harvested at mid-exponential growth 
phase by means of centrifugation for 2 min at 11000 rpm at 4 °C and immediately frozen in 




liquid nitrogen. All microarray experiments were performed essentially as described before 
[117,184]. DNA microarray data were analyzed as described previously [108]. The DNA 
microarray data are available at Gene Expression Omnibus (GEO) under the accession 
number (will be provided shortly). 
Quantitative real time (qRT)-PCR experiments 
For qRT-PCR, S. pneumoniae D39 wild-type and ΔfcsR were grown in FM17 (0.5% 
Fucose + M17) medium and harvested at mid-exponential growth phase. RNA isolation was 
performed as described before [117]. Additionally, RNA samples were re-treated with DNase 
I (RNase-free) (Thermo Fisher Scientific, St. Leon-Rot, Germany) for 60 minutes at 37 °C in 
DNase I buffer (10 mM of Tris HCl (pH 7.5), 2.5 mM of MgCl2, 0.1 mM of CaCl2). cDNA 
synthesis was performed on 4 µg RNA using superscript III reverse transcriptase (Invitrogen) 
and random nonamers at 42 °C for 55 min. An iQ5 Real-Time PCR System (BioRad, 
Hercules, CA) was used to Quantify cDNA (1ul) using 1 x CYBR Green PCR master mix 
(Applied biosystems, Foster City, USA) and 3 pmol of each primer (Table2). The following 
cycling parameters were used for the reaction: 1 cycle of 10 min 95 °C followed by 40 cycles 
of 30 sec 95 °C, 1min 55 °C, and 30 sec 72 °C. PCR reactions were performed in triplicate for 
each cDNA sample. The transcription level of the target genes was normalized to gyrA 
transcription using the relative expression software tool. 
Results and discussion 
Organization of the fucose operon in S. pneumoniae D39  
All the sequenced strains of S. pneumoniae encode for one of the two fucose 
utilization operons (type-1 or type-2). The type-1 operon encodes the ABC transporter genes 
whereas the type-2 operon encodes four PTS subunits along with other fucose processing 
genes (Figure-1A and 1B) [218]. The present study was done using the S. pneumoniae D39 
strain that encodes for the type-2 operon. The fcs operon in the D39 strain consists of ten 
genes (spd_1986-1995) (Figure-1A). The first three genes of this operon (fcsK, fscA and fcsU) 
encode for a fuculose kinase, a fuculose phosphate aldolase and a fucose mutarotase, 
respectively. The FcsK (fucolose kinase) usually phosphorylates fuculose to create fuculose-
1-phosphate by using ATP [224], whereas FcsA (fuculose-1-phosphate aldolase) converts 
fuculose-1-phosphate into dihydroxyacetone phosphate (DHAP) and lactaldehyde [225]. 
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expressed in the presence of fucose. Table 3 summarizes the most important genes that are 
induced in the presence of fucose in the medium. After applying the criteria of ≥ twofold 
difference as the threshold change in expression and a p-value of < 0.001, an operon of 
unknown function comprised of four genes (spd_1969-72) was also found to be highly 
upregulated. This operon encodes for three hypothetical proteins and a ROK family protein 
that was named RokD [175]. The expression of this operon was also upregulated in the 
transcriptome studies performed in the presence of cellobiose [180], maltose and sialic acid 
[160](unpublished data). Altered expression of this operon in the presence of cellobiose and 
fucose might suggest the link of this operon with carbohydrate utilization/ metabolism. 
Therefore, further studies focusing on the function of this operon are required. 
Expression of five other genes belonging to the AdcR regulon [108] was also 
altered. These genes include spd_0888 encoding a putative lamin binding protein (AdcA-
II/LmB), spd_0889 encoding a pneumococcal histidine triad protein D (PhtD), spd_0890 
encoding a pneumococcal histidine triad protein E (PhtE), spd_1038 encoding a 
pneumococcal histidine triad protein A (PhtA) and spd_1865, encoding AdH, an alcohol 
dehydrogenase. Expression of adcA-II/lmB phtA, phtE, and phtD, was downregulated while 
expression of adH was upregulated. It was previously shown that the transcriptional 
regulator AdcR represses the expression of adcAII/lmB phtA, phtE, and phtD, and activates 
the expression of adH in the presence of Zn2+ [108]. However, a recent study demonstrating 
ascorbic acid-mediated gene regulation in S. pneumoniae showed that the presence of 
ascorbic acid can cause Zn2+-starvation in the cell, which leads to the upregulation of the 
AdcR regulon in the presence of ascorbic acid [161]. Moreover, a large number of other 
genes and operons were also differentially expressed in the presence of fucose. Our 
bioinformatics analysis shows that all of these genes/ operons have a putative cre box 
(CcpA binding site) in their promoter regions. Therefore, it is likely that the expression of 
these genes/operons was due to the derepression of CcpA in the absence of glucose.  
The expression of the fcs operon was upregulated more than six times in the 
presence of fucose confirming that the fcs operon in S. pneumoniae D39 is responsive to 
fucose. Due to the significant importance of the fcs operon in the virulence of S. 









Table 3: Summary of transcriptome comparison of S. pneumoniae D39 wild-type grown in FM17 and GM17.  
 
Gene taga Functionb Ratioc 
spd_0888 Adhesion lipoprotein, AdcAII/LmB -2.5
spd_0889 Pneumococcal histidine triad protein D, PhtD  -3.2
spd_0890 Pneumococcal histidine triad protein E, PhtE -2.8
spd_1038 Pneumococcal histidine triad protein A, PhtA -2.1
spd_1131 Carbamoyl-phosphate synthase, large subunit CarB -2.9
spd_1132 Carbamoyl-phosphate synthase, small subunit CarA -5.09
spd_1133 Aspartate carbamoyltransferase PyrA -4.09
spd_1865 Alcohol dehydrogenase, zinc-containing, AdH 3.53
spd_1969 Glycosyl hydrolase-related protein 10.2
spd_1970 ROK family protein, RokD 14.14
spd_1971 Hypothetical protein 13.9
spd_1972 Hypothetical protein 8.13
spd_1985 Alcohol dehydrogenase, iron-containing 2.75
spd_1986 Fucose isomerase, FcsI 3.72
spd_1987 Fucolectin-related protein, FcsL 5.66
spd_1988 Hypothetical protein  5.23
spd_1989 PTS system, IID component 15.32
spd_1990 PTS system, IIC component 17.48
spd_1991 PTS system, IIB component 9.6
spd_1992 PTS system, IIA component 7.74
spd_1993 RbsD/FucU transport protein family protein, FcsU 5.87
spd_1994 Fuculose phosphate aldolase, FcsA 9.27
spd_1995 Fuculose kinase, FcsK 6.44
aGene numbers refer to D39 locus tags. bD39 annotation/TIGR4 annotation. [228,229], cRatios >2.0 or <2.0 
(FM17/GM17). 
 
Expression of the fcs operon in the presence of fucose, glucose and other sugars 
 To validate whether the transcriptional changes observed in the expression of the fcs 
operon in our transcriptome analysis in the presence of fucose are fucose-specific, a 
transcriptional lacZ-fusion of the fcsK promoter (first gene of the fcs operon) was constructed 
in pPP2 [222] and transformed to S. pneumoniae D39. The D39 strain containing PfcsK-lacZ 
was grown in M17 medium supplemented with 0.5% (w/v) of various sugars (fucose, 
glucose, fructose, xylose, galactose, lactose, maltose, sorbitol, arabinose, trehalose and 
sucrose). The data revealed the highest expression of the PfcsK-lacZ in the presence of 
fucose and lowest in the presence of other sugars, including glucose (Table 4). This data 
confirms that the presence of fucose in the medium activates the expression of the fcs operon. 
 
 





Table 4: β-galactosidase activity (miller units) of D39 wild-type containing the PfcsK-lacZ transcriptional 
fusion grown in M17 medium supplemented with various sugars (0.5% w/v). Standard deviation of 3 
independent experiments is given in parentheses. 
 
β-galactosidase Activity (Miller Units) 
Sugars PfcsK-lacZ 
M17 806 (13) 
Fucose 1230 (5) 
Glucose 722 (14) 
Fructose 760 (5) 
Xylose 767 (8) 
Galactose 761 (4) 
Cellobiose 758 (5) 
Lactose  737 (13) 
Mannitol 760 (4) 
Maltose 726 (7) 
Sorbitol 775 (8) 
Dextrose 836 (8) 
Arabinose  769 (13) 
Trehalose 801 (9) 
Sucrose  843 (13) 
 
 We also performed β-galactosidase assays of PfcsK-lacZ in the presence of various 
concentrations of L-fucose and glucose. The data showed that increasing concentrations of 
fucose in the medium lead to an increased expression of PfcsK-lacZ, whereas in case of 
glucose, increasing concentrations lead to a slight decrease in the activity of PfcsK-lacZ 
(Table 5). These results are in agreement with our microarray data and also confirm the role 
of fucose in the activation of the fcs operon. 
 
Table 5: β-galactosidase activity (miller units) of D39 wild-type containing the PfcsK-lacZ grown in M17 
medium supplemented with different concentrations (% w/v) of glucose (G) and fucose (F). Standard deviation of 
3 independent experiments is given in parentheses. 
 
β-galactosidase Activity (Miller Units) 
Sugars PfcsK-lacZ 
M17 753 (9) 
M17+0.3% G 775 (10) 
M17+0.3% F 1006 (14) 
M17+0.5% G 688 (8) 






Activator function of the transcriptional regulator FcsR in the regulation of the fcs 
operon 
 The DeoR-family regulators are common in bacteria and they often act as 
transcriptional activators or repressors of sugar or nucleotide metabolism [230–232]. Many 
transcriptional regulators belonging to the DeoR-family have been identified that regulate the 
catabolic pathways for different sugars including lactose, fructose, ascorbate, mannitol, 
glycerol and xylitol [230,233]. The DeoR-family transcriptional regulator FcsR is located 
upstream to the fcs operon in S. pneumoniae D39. The presence of FcsR next to the fsc 
operon might suggest its putative role in the regulation of the fsc operon. In E. coli, it has 
been shown that a DeoR-family transcriptional regulator FucR positively regulates the two 
fucose utilization operons, fucPIK and fucAO [234]. The protein sequence of FucR has 31% 
sequence similarity with the FcsR of S. pneumoniae D39.  
To confirm the role of FscR in the regulation of the fcs operon, we constructed an 
fcsR mutant by means of allelic replacement by a spectinomycin marker and transformed the 
PfcsK-lacZ in ΔfcsR. β-galactosidase assays were performed in the presence of either fucose 
or glucose with the D39 wild-type and ΔfcsR strains containing PfcsK-lacZ. The β-
galactosidase assays data showed that PfcsK-lacZ completely lost its activity in the absence 
of fcsR even in the presence of fucose (Table 6). This data indicates that the transcriptional 
regulator FcsR acts as transcriptional activator of the fcs operon in the presence of fucose. 
 
Table 6: β-galactosidase activity (miller units) of D39 wild-type and fcsR mutant containing the PfcsK-lacZ 
grown in FM17 and GM17. Standard deviation of 3 independent experiments is given in parentheses. 
 
β-galactosidase Activity (Miller Units) 
      WT ΔfcsR 
PfcsK-lacZ (FM17) 1200 (12) 9 (0.3) 
PfcsK-lacZ (GM17) 780 (10) 8 (0.2) 
  
To validate our observation that FcsR regulates the expression of the fcs operon as a 
transcriptional activator, we investigated the expression of selected genes i.e fcsK, fcsU and 
fcsI from the fcs operon. qRT-PCR was performed on cDNA from the cells grown in FM17 
(0.5 % Fucose + M17). Expression of all these genes (fcsK, fcsU and fcsI) was significantly 
downregulated in the fcsR mutant compared to D39 wild-type (Table 7). This qRT-PCR data 
is in accordance with our β-galactosidase data mentioned above and confirms the role of 
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We also mutated few bases of the FscR regulatory site [(5’-
ATTTGAACATTATTCAAGT-3’) to (5’-ATCTGCACATGATTCAAGT-3’)]. These 
mutations in the FscR regulatory site also led to the complete loss of the activity of fscK 
promoter (Data not shown). On the basis of these promotor truncation data, we conclude that 
the predicted operator site (5’-ATTTGAACATTATTCAAGT-3’) is functional and that the 
activation of the fcs operon via FcsR is achieved through this site. Our bioinformatics 
analysis showed that this predicted FcsR regulatory site is highly conserved in other 
pneumococcal strains like 670-613, TIGR4, R6 and others that encode for type-2 fcs operon. 
However, pneumococcal strains like SP3-BS71, which encode for a type-1 fcs operon, did 
not have this FscR regulatory site in the promoter region of the fcs operon. This suggests that 
the FscR regulatory site is specific for the type-2 operon. 
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Manganese (Mn2+)-, zinc (Zn2+)- and copper (Cu2+) play significant roles in transcriptional 
gene regulation, physiology and virulence of Streptococcus pneumoniae. So far, the effect of 
the important transition metal ion cobalt (Co2+) on gene expression of S. pneumoniae has not 
yet been explored. Here, we study the impact of Co2+ stress on the transcriptome of S. 
pneumoniae strain D39. BLAST searches revealed that the genome of S. pneumoniae encodes 
a putative Co2+-transport operon (cbi operon), the expression of which we show here to be 
induced by a high Co2+ concentration. Furthermore, we found that Co2+, as has been shown 
previously for Zn2+, can cause derepression of the genes of the PsaR virulence regulon, 
encoding the Mn2+-uptake system PsaBCA, the choline binding protein PcpA and the cell-
wall associated serine protease PrtA. Interestingly, although Mn2+ represses expression of the 
PsaR regulon and Co2+ leads to derepression, both metal ions stimulate interaction of PsaR 
with its target promoters. These data will be discussed in the light of previous studies on 
similar metal-responsive transcriptional regulators.  
 
Introduction 
The Gram-positive bacterium Streptococcus pneumoniae resides asymptomatically in 
the human nasopharynx [236]. Nonetheless, when the immune system is compromised, it can 
spread to different niches inside the human body [237], where it may cause serious infections 
like pneumonia, sepsis, otitis media or meningitis [215,238]. During its route from the 
nasopharynx to other parts of the human body, it is exposed to different levels of macro- and 
micronutrients, including varying concentrations of transition metal ions, which can affect the 
expression of various genes involved in virulence as well as metabolic processes 
[108,239,240].  
The transition metal ions such as manganese (Mn2+), zinc (Zn2+), copper (Cu2+), cobalt 
(Co2+), iron (Fe2+) and nickel (Ni2+) are indispensable components of many biological 
processes, forming a structural component of biomolecules, being involved in cellular and 
subcellular functions, and acting as catalytic cofactors in reversible oxidation-reduction and 
hydrolytic reactions for all forms of life [241,242]. An excess of metal ions can be very toxic 
to bacteria [243,244]. Therefore, proper homeostasis of metal ions is important for the 
survival of bacteria and is maintained by various transport- and efflux systems that are tightly 
regulated by metal-dependent transcriptional regulators, thus ensuring the balance of metal 





between different metal ions also play an important role in the regulation of metal ion 
homeostasis and physiology in bacteria [247,248]. 
Co2+ is an important transition metal ion for many bacteria [249] and takes the fourth 
position in the Irving-Williams stability series, where the order is Mn2+ < Fe2+ < Co2+ < Ni2+ < 
Cu2+ > Zn2+ [123]. The concentration of Co2+ in the human blood and serum is 0.12 ng ml-1 
and 0.19 ng ml-1 respectively [102]. However, during certain conditions the Co2+ level in the 
human body fluids can be increased over 20 times, such as after metal-on-metal (MoM) hip 
arthroplasties, or upon high level exposure in regions with elevated environmental Co2+ levels 
[124,125]. In pathogenic bacteria like Mycobacterium tuberculosis and Staphylococcus 
aureus Co2+-transport was linked to virulence [250,251]. The role of Co2+ for S. pneumoniae 
has not been studied yet, but since there is a high number of proteins with Co2+-binding 
capacity in S. pneumoniae, this metal ion could be relevant for the lifestyle of this pathogenic 
bacterium as well [94,127]. 
The transport of Co2+ has not been studied extensively in bacteria. The Ni2+/Co2+ 
permease family, NiCoT, is widely distributed in bacteria, fungi and archaea and can transport 
Ni2+ and Co2+ selectively [252,253]. Proteins from the NiCoT family are present in many 
Gram-positive bacteria including Lactococcus lactis and Streptococcus thermophilus [254]. In 
Salmonella typhimurium, the three genes cbiN, cbiQ and cbiO are likely to encode an active 
Co2+-transport system [255]. A comparative and functional genome analysis of the “cbi” 
system (cbiMNQO) showed that it constitutes a widespread Co2+-transport system in 
prokaryotes [130]. S. pneumoniae also encodes the putative Co2+-transport genes cbiO-I, 
cbiO-II and cbiQ, which show sequence similarity with the Co2+-transport genes in other 
prokaryotes. The Co2+-mediated whole genome response of S. pneumoniae has not been 
studied before. So far, the only gene of which expression was shown to be regulated by Co2+ 
is czcD, which is mediated by the TetR family transcriptional regulator SczA. Although 
mainly involved in Zn2+ homeostasis, CzcD slightly contributes to resistance to Co2+ stress as 
well [109]. 
We aimed at identifying genes of which expression was influenced by a high level of 
Co2+ in S. pneumoniae. For this purpose, we have used whole transcriptome analysis and 
found a number of genes/operons that were differentially expressed under Co2+ stress, 
including czcD, psaBCA, pcpA, prtA and cbi, encoding a Zn2+-resistance system, a Mn2+-
uptake system, a choline binding protein, a cell-wall associated serine protease and putative 
Co2+-transport proteins, respectively. On the basis of our transcriptome analyses, β-
galactosidase assays and electrophoretic mobility shift assays (EMSAs), we demonstrate that 




Mn2+ and Co2+ have an opposite effect on the regulation of the PsaR regulon, where Mn2+ 
represses while Co2+ derepressess expression of the PsaR regulon. Moreover, we show that 
expression of the cbi operon and the Zn2+-efflux gene czcD increases with increasing 
concentration of Co2+, suggesting a link of these genes with Co2+ homeostasis as well. 
 
Material and Method 
Bacterial strains, growth conditions and DNA manipulation 
Bacterial strains and plasmids used in this study are listed in Table 1. S. pneumoniae D39 
wild-type was grown at 37 oC in Chemically Defined Medium (CDM) and 1% Chelex 100 
resin (Bio-rad) treated CDM [256]. For 1% Chelex 100 resin (Bio-rad) treatment, CDM was 
prepared without the addition of a metal mixture (a component of CDM medium) and after 
Chelex treatment, the metal mixture was added in the medium. The metal mixture was 
prepared by keeping MgCl2, CaCl2 and CuSO4 constant as specified in normal CDM and salts 
of other metal ions MnSO4, ZnSO4, CoCl2, FeCl2 and NiSO4 were added separately as 
specified in the Results section. Escherichia coli strain EC1000 was cultured at 37 oC. Where 
necessary for selection, media were supplemented with the following concentrations of 
antibiotics: erythromycin: 0.25 µg ml-1 and tetracycline: 2.5 µg ml-1 for S. pneumoniae; 
chloramphenicol: 4 µg ml-1 for L. lactis; ampicillin: 100 µg ml-1 for E. coli. All bacterial 
strains used in this study were stored in 10% (v/v) glycerol at -80 °C. Primers used in this 
study are listed in Table 2, and are based on the sequence of S. pneumoniae D39 genome. 
Chromosomal DNA of the S. pneumoniae D39 strain was used as a template for PCR 
amplification [229,257].  
 
Reverse transcription (RT)-PCR 
To confirm that the cbi gene cluster transcribes as a single transcriptional unit, D39 
wild-type was grown in CDM with 0.5 mM Co2+ and total RNA was isolated from cells 
grown till mid-exponential phase of growth (OD600= 0.2) as described [258]. In short, cells 
were harvested by centrifugation for 2 min at 10,000 rpm at 4 °C. Cell pellets were 
resuspended in 400 µl of nuclease free water (DEPC-treated), after which 50 µl of 10% SDS, 
500 µl of phenol/chloroform (1:1) and 500 mg glass beads were added. Total RNA was 
isolated using the Roche RNA isolation Kit. DNA contamination was eliminated from the 





Kingdom). cDNA samples were prepared by using superscript III reverse transcriptase and 
random nanomers at 42 oC for 16 h. The intergenic regions IRI to IRVII (Figure-1) were 
amplified by primer pairs mentioned in Table 2. For fair comparison of PCR products, 100 ng 
of RNA and 30 ng of DNA were used 
Table 1: List of strains and plasmids used in this study. 
 
Strain/plasmid Description Source 
S. pneumoniae   
D39 Serotype 2 strain, cps 2 Laboratory of P. Hermans 
RW100 D39 ΔpsaR [259] 
MP100 D39 ΔsczA [109] 
MP102 D39 ΔczcD [109] 
RW104 D39nisRK ΔbgaA::PprtA-lacZ; ErmR [259] 
RW109 D39nisRK ΔpsaR ΔbgaA::PprtA-lacZ; ErmR [259] 
IM401 D39 ΔbgaA::PnrD-lacZ; TetR This study 
IM402 D39 ΔbgaA::PpsaB-lacZ; TetR This study 
IM403 D39 ΔbgaA::PpcpA-lacZ; TetR This study 
IM404 D39 ΔbgaA::PczcD-lacZ; TetR This study 
IM405 D39 ΔbgaA::Pcbi-lacZ; TetR This study 
IM451 RW100 ΔbgaA::PpsaB-lacZ; TetR This study 
IM452 RW100 ΔbgaA::PpcpA-lacZ; TetR This study 
IM453 MP100 ΔbgaA::PczcD-lacZ; TetR This study 
E. coli   
EC1000 Km
R; MC1000 derivative carrying a single copy of the 
pWV1 repA gene in glgB Laboratory collection 
L. lactis 
NZ9000 MG1363 ΔpepN::nisRK [260] 
Plasmids   
pPP2 Amp
R TetR; promoterless lacZ. For replacement of bgaA 
with promoter lacZ -fusion. Derivative of pTP1 [222]  
pIM301 pPP2 PnrD-lacZ This study 
pIM302 pPP2 PpsaB-lacZ This study 
pIM303 pPP2 PpcpA-lacZ This study 
pIM304 pPP2 PczcD-lacZ This study 
pIM305 pPP2 Pcbi-lacZ This study 
pRW25 pNG8048E carrying psaR-strep downstream of PnisA [259] 
 
Inductively coupled plasma-mass spectrometry (ICP-MS) analysis 
For Inductively coupled plasma-mass spectrometry (ICP-MS) analysis, S. pneumoniae 
strain D39 was grown in CDM with and without 0.5 mM Co2+ till mid-exponential phase 
(OD600=0.25 for 0 mM Co2+ and OD600=0.2 for 0.5 mM Co2+) of growth. Cultures were 
centrifuged and washed (at 4 oC) twice with the CDMchelex medium and twice with 
overnight Chelex (Sigma) treated phosphate-buﬀered saline (PBS) with 1 mM nitrilotriacetic. 
The cell pellets were dried overnight in a Speedvac at room temperature. The dried cells were 




lysed in 2.5% nitric acid (Ultrapure, Sigma Aldrich) for 10 min at 95 oC by vigorous 
vortexing after 15 s. The lysed cell samples were used for ICP-MS analysis as described 
before [248]. Moreover, ICP-MS analysis was also performed on CDM, CDMchelex, CDM-
Mn2+ and CDMchelex-Mn2+ media. Metal ion concentrations were expressed as µg g-1 dry 
weight of cells and in µg l-1 in case of plain CDM. 
Table 2: List of primers used in this study.  
Name Nucleotide Sequence (5’3’) Restriction site 
PnrD-F CGGAATTCCCAACAAGTAAAGACTGATTAC EcoRI 
PnrD-R CGGGATCCGAGCCTTGTCAATCTTGTCC BamHI 
PprtA-F CATGGAATTCATCTCTTCAAACCACGTCAACGTCGC EcoRI 
PprtA-R CATGGGATCCTTATCTACTACTACTTTTTCTTTATCA BamHI 
PpsaB-F CGGAATTCTTCCAAGTTTTTTACACTTG EcoRI 
PpsaB-R CGGGATCCATTGTTGGTCCATGGAGCAC BamHI 
PpcpA-F CGGAATTCCCTTCAAATTTTAAGTCC EcoRI 
PpcpA-R CGGGATCCGTTAATGATAATATTGTAG BamHI 
PczcD-F CGGAATTCTAGATGGCTTTTTTGGTTTTGCTG EcoRI 
PczcD-R CGGGATCCGCAGACTCAGAATAGACTCATTC BamHI 
PadcR-F CGGAATTCTTTTTCAGCAAAGATTGGG  EcoRI 
PadcR-R CGGGATCCCTTTCCTTTTAGACTTCTC BamHI 
PnrdH-F GCATGAATTCCCACTACGTGGAAATCTTTAG EcoRI 
PnrdH-R CATGGGATCCGCTTGGTCATTTTACATTGGAC BamHI 
Pcbi-F CATGGAATTCCCTCAATCTTTGGTATTATACC EcoRI 
Pcbi-R CATGGGATCCCCATGCACTAACTCCATG BamHI 
 qPCR primers - 
prtA-F GCAGCCTATGCCCCTAATG - 
prtA-R GTTTTAGTGTCTATTACAGG - 
pcpA-F CCAATCCTAGCAGATACTCC - 
pcpA-R GTAGGAATCGTGAATGG - 
psaB-F CCTCAGTGTCTCCTACAAAG - 
psaB-R GGCAATTCGGTGTAAGG - 
psaC-F CCATTTCCTACAAAATGCCTT - 
psaC-R TCCAAAGACAATGGCTCC - 
psaA-F CTCGTTCTCTTTCTTTCTG - 
psaA-R CTTAACGTCTTCAGGAA - 
gyrA-F CGAGGCACGTATGAGCAAGA - 
gyrA-R GACCAAGGGTTCCCGTTCAT - 
 
Construction of lacZ-fusions and β-galactosidase assays 
 Transcriptional lacZ-fusions to the promoters of nrdD, psaB, pcpA, czcD and the cbi 
operon were constructed in pPP2 [222] with the primer pairs listed in Table 2. The PCR 
products were digested and cloned into the EcoRI/BamHI sites of pPP2 resulting in plasmids 
pIM301-305. E. coli EC1000 was used as cloning host. The pIM301-305 were transformed 
into D39 wild-type resulting in strains IM401-406, whereas pIM302-303 were also introduced 
into the RW100 (ΔpsaR) strain [259], resulting into strains IM451-452. pIM305 was 
introduced into MP100 (ΔsczA) strain [109], resulting into strain IM453. All plasmids were 





For β-galactosidase assays, derivatives of S. pneumoniae D39 were grown in triplicate 
in CDM and CDMchelex at 37 oC supplemented with different metal ion concentrations as 
mentioned in the Results section. Cells were harvested at the mid-exponential phase of growth 
(OD600=0.2). Cells were treated with mixture of Z-buffer (Na2HPO4*2H2O (60 mM), 
NaH2PO4*H2O (40 mM), KCl (10 mM, MgSO4x7H2O (1mM)) and CTAB (Cetyl 
trimethylammonium bromide). 4 mg/ml ortho-Nitrophenyl-β-galactoside (ONPG) was added 
to start the reaction. The reactions was stopped with the addition of Na2CO3 and β-
galactosidase activity was measured as described before [256]. Standard deviation for each 
sample was calculated from three independent biological replicates. 
 
Overexpression and purification of Strep-tagged PsaR 
 The overexpression of C-terminally Strep-tagged PsaR [259] was achieved by mean of 
the nisin-inducible system (NICE) in L. lactis strain NZ9000 [260]. Cells were grown till an 
OD600 of 0.5 and then induced with 5 ng ml-1 nisin in 1 L culture. After 2 hours of nisin 
induction, the cell culture was harvested and resuspended in 10 ml buffer A (0.25 M NaCl, 10 
mM MgCl2, 2 0 mM Tris-HCL, pH 8, 10% glycerol, 1 mM β-mercaptoethanol) with 1mg/ml 
lysozyme and 1 tablet of protease inhibitor cocktail (Complete Mini, Roche). After half hour 
incubation at 30 oC cells were sonicated on ice and cell debris was removed by centrifugation. 
Purification of PsaR-Strep was performed using the Streptactin column from IBA according 
to the supplier's instructions (www.iba-go.com). Buffers without EDTA were used, and the 
purified protein was stored at a concentration of 0.2 mg/ml in the elution buffer (100 mM 
Tris-HCl [pH 8], 150 mM NaCl, 2.5 mM desthiobiotin, 1 mM β-mercaptoethanol) with 10% 
glycerol at -80 °C. 
 
Electrophoretic mobility shift assays 
 Electrophoretic mobility shift assays (EMSAs) were performed as described [259]. In 
short, PCR products of PpsaB, PpcpA, PprtA and PadcR were labeled with [γ-33P] ATP. 
EMSAs were carried out in buffer containing 20 mM Tris-HCL (pH 8.0), 5 mM MgCl2, 8.7% 
(w/v) glycerol, 62.5 mM KCl. 25 μg/ml bovine serum albumin, 25 μg/ml poly(dI-dC) and 
5000 cpm of [γ-33P] ATP-labeled PCR product. Reactions were incubated at 30 °C for 30 min 








DNA Microarray and data analysis 
For DNA microarray analysis to investigate Co2+ stress, the transcriptome of S. 
pneumoniae D39 wild-type, grown in 2 biological replicates in CDM with 0.5 mM CoCl2 was 
compared to the transcriptome of the same strain grown in 2 biological replicates in CDM 
with 0 mM CoCl2. Cells were harvested at mid-exponential phase of growth by means of 
centrifugation for 2 min at 11000 rpm at 4 oC and immediately frozen in liquid nitrogen. RNA 
isolation and cDNA synthesis was performed as described before [258]. Cy3/Cy5 labelling of 
cDNA was performed with the CyScribe post Labelling Kit (Amersham Bioscience). 
Hybridization was performed with labelled cDNA for 16 h at 45 oC in Ambion Slidehyb #1 
hybridization buffer on super amine glass slides (Array-It, SMMBC). Slides were scanned 
with a Genepix 4200 laser scanner at 10 µm resolution. Genepix software (GenePix® Pro 7) 
was used to analyze the slides. The MicroPrep software package was used to analyze the raw 
data further. The expression ratio of the signals of D39 grown in CDM with 0.5 mM Co2+ 
over D39 grown in CDM with 0 mM Co2+ was calculated from the data of at least 7 spots by 
Cyber-T. A gene was considered differentially expressed when the Bayesian p-value <0.001 
and a fold change cut-off of 2 was applied. The transcriptomic data have been submitted to 
GEO (Gene Expression Omnibus) with accession number GSE57696.  
 
Results 
Organization of the cbi operon in S. pneumoniae D39 
 The important transition metal ion Co2+ is usually taken up by bacterial cells 
from the outer environment through specific transport systems like CbiMNQO [130,255]. 
BLAST searches with the CbiMNQO sequences revealed the presence of putative Co2+-
transport genes in S. pneumoniae D39 as well. These genes are organized within a cluster of 
nine genes (SPD2052-2044) and most likely this cluster of genes is transcribed as a single 
transcriptional unit (Figure-1A). Due to high homology of these genes with putative Co2+-
uptake genes in other bacteria, here, we will name this operon as a cbi operon. The first two 
genes (SPD2052-SPD2051) of the cbi operon encodes a peptidase, i.e. a M16 family protein, 
and a hypothetical protein, which have homology with Zn2+-dependent proteases and 
peptidases, respectively. The third gene (SPD2050) of the cbi operon is a putative 
transcriptional regulator that belongs to the XRE (Xenobiotic Response Element) family of 
transcriptional regulators. This is the second most occurring family of transcription regulators 





(SPD2049) encoding CDP-diacylglycerol-glycerol-3-phosphate 3-phosphatidyltransferase. 
This gene is involved in phospholipid biosynthesis in Rhodobacter sphaeroides and is 
predicted to be essential for the survival of Streptococcus mutans [261,262]. Downstream of 
pgsA, three genes, i.e. cbiO-I, cbiO-II and cbiQ (SPD2048-SPD2046) are present. CbiO-I and 
cbiO-II putatively encode a Co2+ ATP-binding transporter subunit, whereas cbiQ encodes a 
Co2+-ABC transporter permease. BLAST searches showed that the cbiO-I and cbiO-II genes 
of S. pneumoniae are conserved in different streptococci and also have a sequence similarity 
with the cbiO gene of other bacteria, a gene that has been shown to be involved in Co2+-
transport [130,255]. Following cbiQ, mreC and mreD (SPD2045-SPD2044) that encode rod 
shape-determining proteins, are present. MreC and MreD are involved in the synthesis of 
peptidoglycan in many bacteria [263,264]. In Bacillus subtilis, the overexpression of mreC 
and mreD stimulate protease production [265]. In S. pneumoniae, the exact role of MreC and 
MreD is not known yet, but both of the genes have been shown to be essential for the growth 
of S. pneumoniae D39 [266].  
To confirm that the cbi operon is transcribed as a single transcriptional unit, all the 
intergenic regions between these nine genes (IRI to IRVIII) were analyzed by RT (Reverse 
Transcriptase)-PCR (Figure-1B). Our RT-PCR data showed that the cbi operon is indeed 
transcribed as a single transcriptional unit (Figure-1B). Moreover, recent RNA-seq data of S. 
pneumoniae also support our RT-PCR data that the cbi operon is transcribed as a single 
transcriptional unit starting from SPD2052 and ending with SPD2044 (GSE54199) [267]. 
Co2+-dependent expression of the cbi operon in S. pneumoniae D39 
The presence of three putative Co2+-transport genes in the cbi operon suggests its 
putative role in metal ion transport. To investigate the effect of different concentrations of 
various metal ions (Co2+, Ni2+, Zn+2, Fe2+ and Cu+2) on the expression of the cbi operon (as 
measured by an ectopic Pcbi-lacZ transcriptional fusion) of S. pneumoniae, we performed β-
galactosidase assays. The measurement of β-galactosidase activity revealed that expression of 
Pcbi-lacZ increased significantly in the presence of Co2+ compared to other tested metal ions. 
Fe2+ and Cu2+ also slightly increase the expression of Pcbi-lacZ compared to the control 
(Figure-1C), but the increase in the expression of Pcbi-lacZ to Fe2+ and Cu2+ was less 
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holds for upregulation of the nrd operon, involved in synthesis of deoxyribonucleoside 
triphosphate [268,269], by Co2+ stress [109].  
Interestingly, a number of virulence genes were upregulated by Co2+ stress, namely 
psaBCA, pcpA and prtA, encoding a Mn2+-dependent ABC transporter [121], a choline 
binding protein [270] and a serine protease [54,271], respectively. The regulation of these 
genes has been shown before to be dependent on the balance between the concentrations of 
Mn2+ and Zn2+ via the transcriptional regulator PsaR [94,98,259]. Based on our observation, 
we speculated PsaR to play a role in the regulation of these genes in the presence of Co2+ as 
well.  
Table 3: Summary of transcriptome comparison of S. pneumoniae D39 wild-type grown in CDM plus 0.5 mM 
Co2+ and CDM plus 0 mM Co2+.  
Gene taga Functionb Ratioc P-value 
spd_0053 Amidophosphoribosyltransferase 2.0 2.09E-06
spd_0054 Phosphoribosylformylglycinamidine cyclo-ligase 2.0 5.29E-08
spd_0055 Phosphoribosylglycinamide formyltransferase 2.2 1.12E-05
spd_0056 VanZ protein 2.4 6.93E-05
spd_0057 Bifunctional purine biosynthesis protein, PurH 2.5 1.28E-07
spd_0187 Anaerobic ribonucleoside-triphosphate reductase, NrdD 11.2 2.93E-14
spd_0188 Hypothetical protein 4.3 2.47E-10
spd_0189 Acetyltransferase, GNAT family protein 11.0 5.44E-10
spd_0190 Anaerobic ribonucleoside-triphosphate reductase, NrdG 10.5 1.22E-15
spd_0191 Hypothetical protein 8.3 1.34E-07
spd_0458 Heat-inducible transcription repressor, HrcA 2.5 1.09E-10
spd_0459 Heat shock protein, GrpE 2.1 4.82E-09
spd_0558 Cell wall-associated serine protease, PrtA 16.6 3.89E-14
spd_1461 Mn2+ ABC transporter, ATP binding protein, PsaB 8.7 2.18E-14
spd_1462 Manganese ABC transporter, permease protein, PsaC 8.7 2.18E-14
spd_1594 XRE family Transcriptional regulator  3.1 7.14E-09
spd_1636 Zn2+-containing alcohol dehydrogenase  8.4 2.05E-14
spd_1637 MerR family transcriptional regulator 11.0 1.41E-10
spd_1638 Cation efflux system, CzcD  20.8 0
spd_1965 Choline binding protein, PcpA 5.0 5.48E-06
spd_2044 Rod shape-determining protein, MreD 3.0 8.75E-11
spd_2046 Co2+ ABC transporter, permease protein, CbiQ 2.0 1.22E-09
spd_2049 CDP-diacylglycerol-glycerol-3-phosphate 3-phosphatidyltransferase PgsA 2.0 1.13E-06
spd_2052 Hypothetical protein 2.0 6.84E-09
aGene numbers refer to D39 locus tags. bD39 annotation/TIGR4 annotation. [228,229], cRatios (0.5 mM Co2+ / 0 
mM Co2+). 




Two transcriptional regulators showed increased expression under Co2+ stress. 
SPD1594, belonging to the XRE family that has homology with a Zn2+-dependent peptidase, 
is was previously found to beupregulated during Zn2+-limitation [108], suggesting that Co2+ 
and Zn2+ have opposite effects on its expression. The second, HrcA, a heat-inducible 
transcription repressor, has previously been shown to be involved in repression of dnaK, a 
chaperone protein, and groE, a chaperonin, in the presence of Ca2+ [272,273]. Upregulation of 
the HrcA regulon may indicate that a high concentration of Co2+ causes stress to the cell. 
Overall, Co2+ stress induces broad transcriptomic changes in S. pneumoniae. 
 
Effect of Co2+ on the PsaR-mediated expression of the virulence genes pcpA, psaBCA and 
prtA  
To investigate the transcriptional response of prtA, pcpA and psaBCA under different 
Co2+ concentrations, transcriptional lacZ-fusions with the respective promoters of pcpA and 
psaBCA were constructed in plasmid pPP2 [222] and prtA transcriptional lacZ-fusion was 
constructed in pORI13 [259], and introduced into D39 wild-type. The strains containing the 
PpcpA-lacZ, PpsaB-lacZ and PprtA-lacZ transcriptional fusions were grown in CDM 
(Complete CDM), CDM-Mn2+ (CDM without Mn2+), CDMchelex (Complete CDM treated 
with Chelex) and CDMchelex-Mn2+ (CDM without Mn2+ treated with Chelex) with addition 
of Co2+ and Zn2+. Mn2+-depleted medium was used, since the binding affinity of Mn2+ with 
PsaR is very high compared to other metal ions (Zn2+ or Co2+) [100]. The measurement of β-
galactosidase activity revealed higher expression of the PpcpA-lacZ, PpsaB-lacZ and PprtA-
lacZ transcriptional fusions in Mn2+-depleted medium (CDM-Mn2+ and CDMchelex-Mn2+) 
compared to CDM/CDMchelex, which might be due to Mn2+ starvation (Figure-2A and 
Supplementary Figure-S1). The further addition of Co2+/Zn2+ leads to higher expression of 
PpcpA-lacZ, PpsaB-lacZ and PprtA-lacZ (Figure-2A and Supplementary Figure-S1), 
suggesting that the derepression of the PsaR regulon is not specific to Mn2+ starvation but also 
Co2+ and Zn2+ have a derepressive effect. We also observed that at the same concentration of 
Co2+ and Zn2+ the effect of Co2+ on the expression of the PsaR regulon is stronger compared to 
that of Zn2+.  
It is likely that, besides the response to Mn2+ and Zn2+ [259], PsaR also mediates the 
expression of PpcpA-lacZ, PpsaB-lacZ and PprtA-lacZ in the presence of Co2+. To verify this 
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ICP-MS analysis of intracellular Mn2+ and Co2+ in S. pneumoniae 
To quantify the exact concentration of metal ions in the media that were used in this 
study, ICP-MS (Inductively Coupled Plasma Mass Spectrometry) analysis was performed. 
Concentrations of different metal ions measured by ICP-MS in CDM, CDMchelex, CDM-
Mn2+ and CDMchelex-Mn2+ are summarized in supplementary data Table S1. ICP-MS 
analysis revealed the concentration of Mn2+ present in CDM and CDMChelex is 5-7 µM, 
which is already enough to cause Mn2+-dependent repression of psaBCA, pcpA and prtA by 
PsaR [259], and also explains why we did not observe a big difference in the expression of 
psaBCA, pcpA and prtA between CDM and CDMchelex.  
 
Table 4: The relative expression of prtA, psaB, psaC, psaA and pcpA genes. The expression of prtA, psaB, 
psaC, psaA and pcpA genes was normalized with the housekeeping gene gyrA. Standard deviation of three 
independent replications is given in parentheses. The 2 log fold increase is relative to the expression in the 
D39 grown in 0.4 mM Co2+ to that with 0 mM Co2+. 
 
To investigate whether the transcriptome effects observed above in the presence of 0.5 
mM Co2+ correlate with a high cell-associated concentration of Co2+, ICP-MS analysis was 
performed on whole cell extract. For this purpose, cells were grown in CDM without and with 
0.5 mM added Co2+. The concentrations of cell-associated metal ions in S. pneumoniae D39 
grown with or without 0.5 mM Co2+ are given in Table 5. Interestingly, no difference in the 
cell-associated amount of Mn2+ was observed in the cells grown in medium with 0 mM Co2+ 
compared to the cells grown in medium with 0.5 mM Co2+. Thus, the effect of Co2+ on the 
expression of the PsaR regulon might be direct, rather than indirectly via a change in the 





Gene tag Gene function Fold Raito 
spd_0558 Cell wall-associated serine protease PrtA 5.12 (1.23) 
spd_1461 Manganese ABC transporter, ATP-binding protein 5.70 (0.63) 
spd_1462 Manganese ABC transporter, permease protein, putative 6.49 (1.74) 
spd_1463 Manganese ABC transporter, ATP-binding protein 5.68 (1.43) 
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effects on the essential downstream genes mreCD. However, the fact that the cbi genes are 
upregulated during Co2+ stress might indicate that their function is Co2+ export. This would 
mean that S. pneumoniae protects itself against Co2+ stress both via CzcD and the Cbi system. 
So far, a mechanism governing regulation of the cbi operon or similar genes in other 
organisms has not been studied. It is therefore interesting to search for a transcriptional 
regulator that mediates the Co2+-responsive expression of the cbi operon in S. pneumoniae. Of 
note, a putative transcriptional regulator is encoded in the cbi operon, and future experiments 
could be important to investigate investigating whether this regulator is responsible for the 
Co2+-sensitive expression of the cbi operon. It is remarkable as well that two important cell 
division genes, namely mreC and mreD, are in the same operon with the cbi genes and that its 
expression is also Co2+ responsive. Although BLAST searches did not reveal linkage of 
mreCD to the cbi genes in other bacterial species, it would be interesting to investigate 
whether there is any biological reason for the presence of these genes in the same operon in S. 
pneumoniae.  
Previously, it was shown that only Mn2+ and Zn2+ are responsible for the PsaR-
mediated expression of the virulence genes psaBCA, pcpA and prtA (PsaR regulon) and no 
role of Co2+ in the regulation of these genes was observed [259]. The previous study was done 
in the complex nutrient broth GM17 as a growth medium where Co2+ somehow was unable to 
stimulate expression of the PsaR regulon. GM17 may contain Co2+-chelating compounds that 
obscure the Co2+-dependent derepressive effect on the PsaR regulon. In the present work, we 
have demonstrated the role of Co2+ in the regulation of the PsaR regulon by using, instead of 
the complex GM17 medium, a chemically defined medium (CDM). 
It has been shown before that competition between Mn2+ and Zn2+ results in Mn2+ 
deficiency in the cell possibly due to the involvement of the Mn2+-uptake transporter protein 
PsaA [248]. Additionally, it has been reported that PsaA has an ability to bind with other 
transition metal ions [276], and Zn2+ and Cd2+ have the ability to inhibit Mn2+-uptake via 
PsaA [57,277]. Here, we performed ICP-MS analysis to check the intracellular concentration 
of Mn2+ in the presence of Co2+. Our ICP-MS analysis results showed that the intracellular 
concentration of Mn2+ is not affected by the addition of Co2+. This suggests that the 
expression of pcpA, psaBCA and prtA is not derepressed by Co2+ due to Mn2+ starvation 
[248], but instead might be a direct effect of an elevated intracellular Co2+ concentration. 
Metal binding transcription factors can often bind to different metal ions and can 
therefore be at the cross-road of interplay between metal ions. For example, in B. subtilis 





Similarly, the Cu2+-responsive regulator CopY regulates the expression of the cop operon in a 
Cu2+ and Zn2+-dependent way [117]. Previously, the expression of PpcpA-lacZ, PpsaB-lacZ 
and PprtA-lacZ has been shown to depend on the balance between the Mn2+ and Zn+2 
concentrations, where Zn2+ derepresses the expression of these gene/operons and Mn2+ 
nullifies this expression via PsaR in GM17 medium [259]. Here, working with chemically 
defined medium (CDM), we have shown that the proper regulation of PsaR regulon is not 
only dependent on the balance between Mn2+ and Zn2+, but also on the balance between Mn2+ 
and Co2+. MntR, a DtxR family protein, represses the expression of a Mn2+-uptake system in 
B. subtilis [279]. It has 15% sequence homology with PsaR in S. pneumoniae [259]. MntR 
also has the ability to bind with Cd2+, Zn2+, Ni2+, Cu2+ and Co2+ [280–282]. Recent structural 
studies showed that Co2+ binding to MntR prevents the binding of Mn2+ [283]. The metal ion 
binding residues of MntR (D8, E99, E102 and H103) are also present in PsaR (D7, E99, 
E102, and H103) [100,259]. Because the metal binding residues of MntR are conserved in 
PsaR, it is likely that Co2+ can also inhibit binding of Mn2+ to PsaR in an analogous way. 
Since Co2+, like Mn2+, stimulates binding of PsaR to its target promoters, we propose that this 
PsaR-Co2+ interaction with the promoter is ineffective in terms of repression of expression. 
Possibly, in the presence of Co2+, PsaR binds to the promoters of pcpA, prtA and psaBCA, in 
such a way that it leads to derepression of the PsaR regulon. Whether the effects between 
Co2+ and Mn2+ as described in our work is, in conjunction with previously described 
interaction between Zn2+ and Mn2+ and Cd2+ and Mn2+ [57,248], relevant for the in vivo 
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The regulation of the AdcR regulon in 
Streptococcus pneumoniae depends both on 
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By using the transcriptomic approach, we have elucidated the effect of Ni2+ on the global 
gene expression of S. pneumoniae D39 by identifying several differentially expressed 
genes/operons in the presence of a high extracellular concentration of Ni2+. The genes 
belonging to the AdcR regulon (adcRCBA, adcAII-phtD, phtA, phtB and phtE) and the PsaR 
regulon (pcpA, prtA and psaBCA) were highly upregulated in the presence of Ni2+. We have 
further studied the role of Ni2+ in the regulation of the AdcR regulon by using ICP-MS 
analysis, electrophoretic mobility shift assays and transcriptional lacZ-reporter studies, and 
demonstrate that Ni2+ is directly involved in the derepression of the AdcR regulon via the 
Zn2+-dependent repressor AdcR, and has an opposite effect on the expression of the AdcR 
regulon as compared to Zn2+. 
 
Introduction 
In bacteria, the transition metal ions play an important role in the proper functioning of 
many enzymes, transporters and transcriptional regulators. Transition metal ions are a 
prerequisite for the proper growth of bacteria at low concentrations, but they can be lethal at 
higher concentrations [242,243,284,285]. Therefore, a proper homeostasis of metal ions is 
very important for the survival of bacteria, which is maintained by dedicated metal transport- 
and efflux -systems [100,245,246]. These systems are tightly regulated by metal responsive 
transcriptional regulators to ensure the proper functioning of the cell by maintaining minimum 
levels of metal ions inside the cell. 
Streptococcus pneumoniae is one of the most common human pathogens that reside 
asymptomatically in the human nasopharynx [237]. However, it may occasionally translocate 
to the lungs, the eustachian tube, the blood and the nervous system, causing pneumoniae, 
otitis media, bacteremia and meningitis, respectively [215,236]. During translocation from the 
nasopharynx to other infection sites, S. pneumoniae may encounter different environmental 
conditions including varying metal ions concentrations, which might affect the expression of 
virulence genes [117,122,239]. However, the exact conditions that S. pneumoniae faces 
during infection, are poorly understood. 
 The role of manganese (Mn2+), zinc (Zn2+), copper (Cu2+), iron (Fe2+), cobalt (Co2+) 
and cadmium (Cd2+) on the gene regulation of S. pneumoniae has already been established 
and several metal-specific acquisition- and efflux-systems has been characterized. These 





PsaBCA (the Mn2+-uptake system), MntE (the Mn2+-efflux system), the cop operon (the Cu2+-
efflux system), and PiaABCD, PiuBCDA, and PitADBC (the Fe2+- and Fe3+-uptake systems) 
[99,104,109,117,134,259]. These systems have further been shown to be regulated by metal 
specific transcriptional regulators in S. pneumoniae. The Zn2+-uptake system (AdcRCBA) is 
repressed by transcriptional regulator AdcR in the presence of Zn2+ [108]. Similarly, the 
psaBCA genes encoding Mn2+-uptake are repressed by transcriptional regulator PsaR in the 
presence of Mn2+ [98,259], whereas, this PsaR-mediated repression is relieved by the addition 
of Zn2+, Co2+, Cd2+ or Ni2+ [57–59,248,259].  
Ni2+ is an essential micronutrient for certain bacteria, due to its role in various cellular 
processes like methane formation, hydrolysis of urea and consumption of molecular hydrogen 
[128–130,286,286]. The amount of Ni2+ in the human blood is estimated to be 0.83 ng ml-1 
[102]. Therefore, it is likely that S. pneumoniae may encounter Ni2+ during infection in blood. 
So far, very little is known about the impact of Ni2+ on the global gene expression of S. 
pneumoniae. Previously, the role of Ni2+ in the regulation of the Zn2+-efflux system czcD was 
reported [109]. It was shown that the SczA-mediated expression of czcD was highly increased 
in the presence of Zn2+, Co2+ or Ni2+ [109]. In a recent study, we demonstrated the role of Ni2+ 
in regulation of the PsaR regulon and observed that Ni2+ not only alleviates the Mn2+-
dependent binding of PsaR to the promoter regions of the PsaR regulon genes, but it can also 
cause Mn2+ deficiency possibly by blocking Mn2+-uptake via PsaA, hence leading to a high 
expression of the PsaR regulon [59] .  
In current study, we used a transcriptomic analysis approach for the identification of 
differentially expressed genes/operons in response to high extracellular Ni2+ concentrations in 
S. pneumoniae. The expression of genes belonging to the AdcR regulon and the PsaR regulon 
was highly upregulated in the presence of Ni2+. We further studied the role of Ni2+ in the 
AdcR-mediated regulation of the adcRCBA, adcAII-phtD, phtA, phtB and phtE by using 
transcriptional lacZ-reporter studies, inductively coupled plasma-mass spectrometry (ICP-
MS) analysis and electrophoretic mobility shift assays (EMSAs), and showed that Ni2+ and 











Materials and Methods 
Bacterial strains and media 
All the bacterial strains are listed in Table 1. Growth of bacteria and DNA 
manipulation were performed as described before [58,108]. All the experiments were done in 
chemically defined medium (CDM). Salts of metal ion ZnSO4.7H2O and NiSO4.6H2O were 
used as specified in the Results section. Primers used in this study are based on the genome 
sequence of S. pneumoniae D39 and are listed in Table 2.  
 
Table 1: List of strains and plasmids used in this study. 
 
Strain/plasmid Description Source 
S. pneumoniae   
D39 Serotype 2 strain, cps 2 Laboratory of P. Hermans 
SS200 D39 ΔadcR; EryR [108] 
IM501  D39 ΔbgaA::PadcR-lacZ; TetR  This study 
IM502  D39 ΔbgaA::PadcAII-lacZ; TetR  This study 
IM503  D39 ΔbgaA::PphtA-lacZ; TetR  This study 
IM504  D39 ΔbgaA::PphtB-lacZ; TetR  This study 
IM505  D39 ΔbgaA::PphtE-lacZ; TetR  This study 
IM551 SS200 ΔbgaA::PadcR-lacZ; TetR This study 
IM552  SS200 ΔbgaA::PadcAII-lacZ; TetR This study 
IM553 SS200 ΔbgaA::PphtA-lacZ; TetR This study 
IM554  SS200 ΔbgaA::PphtB-lacZ; TetR This study 
IM555 SS200 ΔbgaA::PphtE-lacZ; TetR  This study 
E. coli   
EC1000 Km
R; MC1000 derivative carrying a single copy of the 
pWV1 repA gene in glgB Laboratory collection 
Plasmids   
pPP2 Amp
R TetR; promoterless lacZ. For replacement of 
bgaA with promoter lacZ-fusion. Derivative of pPP1 [222]  
pIM501 pPP2 PadcR-lacZ This study 
pIM502 pPP2 PadcAII-lacZ This study 
pIM503 pPP2 PphtA-lacZ This study 
pIM504 pPP2 PphtB-lacZ This study 
pIM505 pPP2 PphtE-lacZ This study 




DNA Microarray and data analysis 
For microarray analysis in response to Ni2+, S. pneumoniae D39 wild-type was grown 
in biological replicates in CDM with either the addition of 0 mM or with 0.5 mM NiSO4. 
6H2O. To analyze the effect of Ni2+ on the adcR mutant, D39 wild-type and its isogenic 





6H2O. All other procedures regarding microarray experiments and data analysis were done as 
described before [117,287]. For the identification of differentially expressed genes a Bayesian 
p-value <0.001 and a fold change cut-off of 2 was applied. The DNA microarray data have 
been submitted to GEO under the accession number GEO (GEO will be provided during 
revision stage). 
 
Construction of transcriptional lacZ-fusions and β-galactosidase assays 
Chromosomal transcriptional lacZ-fusions to the promoter regions of adcR, adcAII, 
phtA, phtB and phtE were constructed in plasmid pPP2 [222] with the primer pairs listed in 
Table 2, resulting in pIM501-505. These plasmids were introduced into D39 wild-type and 
ΔadcR (SS200) strain [108] resulting in strains IM501-505 and IM551-554, respectively. All 
plasmids were checked for the presence of correct insert by means of PCR and DNA 
sequencing. For β-galactosidase activity, the derivatives of S. pneumoniae were grown in 
triplicate in CDM at 37 oC supplemented with different metal ion concentrations (w/v) 
mentioned in the Results and harvested at the mid- exponential phase of growth. The β-
galactosidase activity was measured as described before [256]. Standard deviations were 
calculated from three independent replicates for each sample. 
Table 2: List of primers used in this study.  
Name Nucleotide Sequence (5’3’) Restriction site 
Padcr-F CGGAATTCTTTTTCAGCAAAGATTGGG EcoRI 
Padcr-R CGGGATCCCTTTCCTTTTAGACTTCTC BamHI 
PadcAII-F CGGAATTCCTTCACTTATGGCTATAAGC EcoRI 
PadcAII-R CGGGATCCAAAGAAAGACACTTAACAGG BamHI 
PphtA-F CGGAATTCTGAACTTCAAAAAGAATACG EcoRI 
PphtA-R CGGGATCCCTTAAAATCAAAGCTGCCGC BamHI 
PphtB-F GCATGAATTCGGCAGAAGCAGAAAAATTAC EcoRI 
PphtB-R CGATGGATCCAAGTGTAGCTACTGACC BamHI 
PphtE-F CGGAATTCAGAAGTAGATAGTCTCTTGG EcoRI 
PphtE-R CGGGATCCACGATAACAGCTGATCCAGC BamHI 
 
Inductively coupled plasma-mass spectrometry (ICP-MS) analysis 
To determine the cell-associated concentration of metal ions, an ICP-MS analysis was 
performed on the cells grown in CDM with either the addition of 0 mM Ni2+ or with 0.5 mM 
Ni2+ till mid-exponential phase of growth. Cell cultures were centrifuged at 4 oC and washed 
twice with overnight Chelex (Sigma) treated phosphate-buﬀered saline (PBS) with 1 mM 
nitrilotriacetic acid. Cells were dried overnight in a Speedvac at room temperature. The dried 
cells were dissolved in 2.5% nitric acid (Ultrapure, Sigma Aldrich) and lysed at 95 oC for 10 
min by vigorous vortexing after each 30 s. The lysed cell samples were used for ICP-MS 




analysis as described before [248]. Metal ion concentrations were expressed as µg g-1 dry 
weight of cells. 
 
Overexpression and purification of Strep-tagged AdcR 
 The nisin-inducible (NICE) expression system [260] in Lactococcus lactis strain 
NZ9000 was used for the overexpression of C-terminally Strep-tagged AdcR [108]. Cells 
were grown until an OD600 of 0.4 followed by the induction with 10 ng ml-1 nisin in 1 L 
culture. The purification of AdcR-Strep tag was performed using the Streptactin column from 
IBA according to the supplier's instructions (www.iba-go.com). The purified protein was 
eluted in buffers without EDTA and stored at a concentration of 0.5 mg/ml in the elution 
buffer (100 mM Tris-HCl [pH 8], 150 mM NaCl, 2.5 mM desthiobiotin, 1 mM β-
mercaptoethanol) with 10% glycerol at -80 °C. 
 
Electrophoretic mobility shift assays 
 Electrophoretic mobility shift assays (EMSAs) were performed as described [259]. In 
short, PCR products of the promoter regions of adcR, adcAII, phtA, phtB and pcpA were 
labeled with [γ-33P] ATP. All the EMSAs were performed with 5000 cpm of [γ-33P] ATP-
labeled PCR products in buffer containing 20 mM Tris-HCL (pH 8.0), 5 mM MgCl2, 8.7% 
(w/v) glycerol, 62.5 mM KCl, 25 μg/ml bovine serum albumin and 25 μg/ml poly(dI-dC). 
Various metal ions were added in concentrations as described in the Results section. 
Reactions were incubated at 30 °C for 30 min before loading on gels. Gels were run in 1 M 
Tris-borate buffer (pH 8.3) at 95 V for 90 min. 
 
Results 
Identification of Ni2+-dependent genes in S. pneumoniae 
To investigate the impact of Ni2+ on the transcriptome of S. pneumoniae, a DNA 
microarray-based comparison of D39 wild-type grown in CDM with 0.5 mM Ni2+ to the same 
strain grown in CDM with 0 mM Ni2+ was performed. Table 3 summarizes the list of 
differentially expressed genes in the presence of 0.5 mM Ni2+. The PsaR regulon consisting of 
the operon psaBCA (encoding Mn2+-dependent ABC transporters, PsaBCA), pcpA (encoding a 
choline binding protein, PcpA) and prtA (encoding a serine protease PrtA) were highly 





the presence of Ni2+ is consistent with our recent study, where we have explored the Ni2+-
dependent regulation of the PsaR regulon in more details [59].  
Table 3: Summary of transcriptome comparison of S. pneumoniae D39 wild-type grown in CDM plus 0.5 mM 
Ni2+ to CDM plus 0 mM Ni2+. 
Gene taga Functionb Ratioc P-value
SPD0475 CAAX amino terminal protease family protein 5.39 1.48E-11
SPD0526 Fructose-1,6-bisphosphate aldolase, class II 3.07 1.93E-13
SPD0558 Cell wall-associated serine protease, PrtA 9.67 2.92E-13
SPD0738 Cytidine deaminase 21.92 6.05E-07
SPD0888 Adhesion lipoprotein, AdcAII (LmB) 2.07 7.08E-07
SPD0889 Pneumococcal histidine triad protein D precursor, PhtD 2.06 5.81E-10
SPD0890 Pneumococcal histidine triad protein E precursor, PhtE 7.13 2.81E-05
SPD1038 Pneumococcal histidine triad protein A precursor, PhtA 12.54 2.00E-14
SPD1078 L-lactate dehydrogenase 4.21 2.04E-14
SPD1138 Heat shock protein, HtpX 3.61 9.44E-05
SPD1360 Hypothetical protein 7.29 1.15E-10
SPD1402 Non-heme iron-containing ferritin, DpR 2.65 2.10E-11
SPD1461 Manganese ABC transporter, ATP-binding protein, PsaB 11.90 5.33E-15
SPD1462 Manganese ABC transporter, permease protein, PsaC 10.71 5.26E-14
SPD1464 Thiol peroxidase 2.13 8.68E-10
SPD1632 Hypothetical protein 2.32 3.47E-05
SPD1633 Galactose-1-phosphate uridylyl transferase, GalT 2.68 7.81E-06
SPD1634 Galactokinase,GalK 4.13 1.29E-08
SPD1635 Galactose operon repressor, GalR 5.00 4.27E-07
SPD1636 Alcohol dehydrogenase, zinc-containing, AdhB 35.69 0.00E+00
SPD1637 Transcriptional regulator, MerR family protein 38.25 0.00E+00
SPD1638 Cation efflux system protein, CzcD 77.89 5.55E-15
SPD1965 Choline binding protein, PcpA 2.80 8.16E-04
SPD1997 Zinc ABC transporter, zinc-binding lipoprotein, AdcA 3.91 1.14E-12
SPD1998 Zinc ABC transporter, permease protein, AdcB 2.00 2.47E-04
SPD1999 Zinc ABC transporter, ATP-binding protein, adcC 4.17 1.29E-13
SPD2000 Adc operon repressor, AdcR 3.88 2.46E-11
aGene numbers refer to D39 locus tags. bD39 annotation/TIGR4 annotation. [228,229], cRatios >2.0 or <2.0 
(wild-type + 0.5 mM Ni2+/wild-type + 0 mM Ni2+).  
  
Expression of a gene cluster including the cation efflux system gene czcD, the MerR 
family transcriptional regulator, and the Zn2+-containing alcohol dehydrogenase adhC was 
increased more than 35-fold in the presence of Ni2+. The cation efflux system CzcD protects 
S. pneumoniae from the intracellular Zn2+ stress [109]. A novel TetR family transcriptional 
regulator SczA has been shown to activate the expression of czcD in the presence of Zn2+, 
Co2+ and Ni2+ [109]. Therefore, the upregulation of czcD in our transcriptomic analysis is 




consistent with the finding presented in our previous study [109]. Furthermore, genes 
encoding a heat shock protein (HtpX) and a Dpr homologue (spd_1402) were also 
differentially expressed. The Dpr protein has been shown to protect bacterial cells from 
oxidative stress [288].  
The genes belonging to the AdcR regulon were also upregulated in the presence of 
Ni2+. The expression of the adc operon was 4-fold upregulated. The expression of adcAII-
phtD operon was upregulated 2-fold. The expression of other genes encoding for Pht family 
proteins (PhtA and PhtE), was upregulated more then 7-fold. Previously, it was shown that 
the expression of the AdcR regulon is repressed by the transcriptional regulator AdcR in the 
presence of Zn2+ [108]. Upregulation of the AdcR regulon in the presence of Ni2+ might also 
indicate the putative role of Ni2+ in the regulation of the AdcR regulon by the transcriptional 
regulator AdcR. Therefore, we decided to further explore the role of Ni2+ in the regulation of 
the AdcR regulon, and determine the intracellular concentrations of metal ions in S. 
pneumoniae D39 grown in the presence of either 0.5 mM Ni2+ or 0 mM Ni2+ in CDM. 
S. pneumoniae accumulates more Ni2+ when grown in the presence of 0.5 mM Ni2+ 
Table 4: Intracellular concentrations (µg g-1) of different metal ions in S. pneumoniae strain D39 wild-type 
grown in CDM either with 0 mM or 0.5 mM Ni2+. 
 
Metal ions 0 mM Ni2+ 0.5 mM Ni2+ 
Mn2+ 78 (5) 30 (2) 
Zn2+ 35 (4) 31 (3) 
Ni2+ <1 30 (3) 
Co2+ <1 <1 
Fe2+ <1 <1 
 
To investigate whether the observed transcriptomic responses correlated with high 
cell-associated concentration of Ni2+, we performed an ICP-MS analysis on the same 
conditions used for performing the transcriptome analysis, i.e. cells grown either in the 
presence of 0.5 mM Ni2+ or 0 mM Ni2+ in CDM. Our ICP-MS data revealed that the cells 
grown in the presence of 0.5 mM Ni2+ accumulate 30-fold more cell-associated Ni2+ 
compared to the cells grown in 0 mM Ni2+ (30 µg g-l dry mass of cells vs <1 µg g-l dry mass 
of cells). Moreover, 2.6-fold decrease in the cell-associated concentration of Mn2+ was 
observed. The cell-associated concentration of other metal ions was not changed in the 





transcriptomic changes observed in the presence of 0.5 mM Ni2+ are due to the high 
intracellular concentration of Ni2+.   
Ni2+-dependent expression of the AdcR regulon  
 To explore the transcriptional regulation of the genes/operons belonging to the AdcR 
regulon (adcRCBA, adcAII-phtD, phtA, phtB and phtE) found in our microarray analysis, 
transcriptional lacZ-fusions were constructed to the promoter regions of adcR, adcAII, phtA, 
phtB and phtE in plasmid pPP2 [222] and transferred to S. pneumoniae D39 wild-type. The 
expression of PadcR-lacZ, PadcAII-lacZ, PphtA-lacZ, PphtB-lacZ and PphtE-lacZ was 
measured in CDM and CDM-Zn2+ (Zn2+ depleted medium) with the addition of 0, 0.1, 0.3 or 
0.5 mM Ni2+. As AdcR represses the expression of the AdcR regulon in the presence of Zn2+, 
we also used Zn2+-depleted medium (CDM-Zn2+). β-galactosidase activity (Miller Units) 
showed that the elevated concentration of Ni2+ led to the high expression of all these 
promoters in CDM and CDM-Zn2+ media (Table 5). However, the expression of these 
promoters was much higher in CDM-Zn2+ compared to CDM. The full CDM contains minor 
amounts of Zn2+ (around 0.01 mM) [58], which could explain the lower expression of these 
promoters in CDM compared to CDM-Zn2+. This data not only suggests the role of Ni2+ in the 
regulation of the adcRCBA, adcAII-phtD, phtA, phtB and phtE, but also indicate the ability of 
Ni2+ to derepress the Zn2+-dependent repression of these genes. 
Table 5: β-galactosidase activity (miller units) of the D39 wild-type strain containing transcriptional lacZ-
fusions to PadcR, PadcAII, PphtA, PphtB and PphtE, grown in CDM and CDM-Zn2+ (Zn2+-depleted medium) 
Zn2+ with different added concentrations of Ni2+. Standard deviations are given in parentheses.  
 
β-galactosidase Activity (Miller Units) 
Medium D39 (wt) 
 PadcR PadcAII PphtA PphtB PphtE 
CDM 58 (9) 40 (9) 81 (8) 60 (6) 77(8) 
Ni2+ [0.1] 104 (5) 123 (7) 103 (11) 110 (7) 122 (9) 
Ni2+ [0.3] 572 (94) 204 (10) 329 (28) 320 (20) 431 (18) 
Ni2+ [0.5] 707 (34) 358 (24) 457 (12) 510 (30) 818 (21) 
CDM-Zn2+ 388 (24) 61 (9) 120 (16) 140 (4) 129 (8) 
Ni2+ [0.1] 565 (20) 165(10) 178 (5) 270 (22) 200 (10) 
Ni2+ [0.3] 735 (55) 331 (12) 414 (36) 650 (40) 558 (32) 
Ni2+ [0.5] 940 (70) 687 (47) 532 (14) 1120 (65) 1012 (70) 
 
Opposite effect of Zn2+ and Ni2+ on the expression of the AdcR regulon 
 β-galactosidase activities shown above indicate that Ni2+ might compete with Zn2+ and 
that both metal ions have opposite effects on the expression of the adcRCBA, adcAII-phtD, 
phtA, phtB and phtE. In order to study the interplay of Ni2+ and Zn2+ in the regulation of 




adcRCBA, adcAII-phtD, phtA, phtB and phtE in more details, we performed β-galactosidase 
assays with PadcR-lacZ, PadcAII-lacZ, PphtA-lacZ, PphtB-lacZ and PphtE-lacZ in CDM with 
the addition of varying concentrations of Ni2+ and Zn2+ together. β-galactosidase data (Miller 
Units) showed that addition of Zn2+ in the medium leads to repression of PadcR-lacZ, 
PadcAII-lacZ, PphtA-lacZ, PphtB-lacZ and PphtE-lacZ, even in the presence of Ni2+. 
However, repression caused by Zn2+ was much weaker at higher concentrations of Ni2+ (Table 
6). This data confirm that Ni2+ and Zn2+ have an opposite effects on the expression of 
adcRCBA, adcAII-phtD, phtA, phtB and phtE, where Zn2+ represses and Ni2+ derepresses the 
expression of these genes. 
Table 6: β-galactosidase activity (miller units) of the wild-type D39 strains containing transcriptional lacZ-
fusions to PadcR, PadcAII, PphtA, PphtB and PphtE, grown in CDM with or without different concentrations of 
Ni2+ and Zn2+. Standard deviations are given in parentheses.  
 
β-galactosidase Activity (Miller Units) 
Medium D39 (wt) 
 PadcR PadcAII PphtA PphtB PphtE 
CDM 65 (8) 38 (4) 63 (10) 55 (5) 65 (6) 
Ni2+ [0.1] 102 (23) 97 (4) 186 (18) 100 (10) 142 (14) 
Ni2+ [0.3] 557 (48) 254 (32) 333 (30) 370 (33) 494 (33) 
Ni2+ [0.5] 973(119) 411 (19) 425 (34) 650 (55) 790 (55) 
Ni2+ [0.1] + Zn2+[0.2] 44 (5) 52 (5) 65 (12) 45 (5) 61 (5) 
Ni2+ [0.3] + Zn2+[0.2] 156 (27) 73 (12)  73 (18) 70 (15) 90 (15) 
Ni2+ [0.5] + Zn2+[0.2] 325 (29) 129 (8) 163 (8) 180 (23) 142 (23) 
 
Role of the transcriptional regulator AdcR in the Ni2+-dependent expression of the AdcR 
regulon 
Previously, it has been shown that the transcriptional regulator AdcR represses the 
expression of adcRCBA, adcAII-phtD, phtA, phtB and phtE in the presence of Zn2+ [108]. In 
this study, our transcriptomic analysis and transcriptional lacZ-reporter data indicate that Ni2+ 
derepresses the expression of these genes. To identify whether the transcriptional regulator 
AdcR is also responsible for the Ni2+-dependent expression of adcRCBA, adcAII-phtD, phtA, 
phtB and phtE, we have transformed PadcR-lacZ, PadcAII-lacZ, PphtA-lacZ, PphtB-lacZ and 
PphtE-lacZ into the adcR mutant (SS200) strain and performed β-galactosidase activity. β-
galactosidase data revealed that the deletion of adcR leads to increased expression of PadcR-
lacZ, PadcAII-lacZ, PphtA-lacZ, PphtB-lacZ and PphtE-lacZ even in the absence of Ni2+ 
(Table 7). Upregulation of these transcriptional lacZ-fusions in the adcR mutant strain 
indicates that Ni2+-dependent expression of adcRCBA, adcAII-phtD, phtA, phtB and phtE is 





Table 7: β-galactosidase activity (miller units) of the wild-type D39 and adcR mutant strains containing 
transcriptional lacZ-fusions to PadcR, PadcAII, PphtA, PphtB, and PphtE grown in CDM with or without 0.5mM 
added Ni2+. Standard deviations are given in parentheses. 
 
β-galactosidase Activity (Miller Units) 
Promoters D39 (wt) ΔadcR 
 0 mM 0.5 mM 0 mM 0.5 mM 
PadcR  75 (8) 887 (70) 710 (65) 790 (90) 
PadcAII 45 (6) 440 (25) 1250 (80) 1280 (102) 
PphtA 55 (5) 510 (40) 1330 (120) 1270 (95) 
PphtB 70 (10) 550 (65) 1190 (98) 1350 (123) 
PphtE 80 (8) 910 (97) 1555 (104) 1680 (140) 
 
To elucidate the Ni2+-dependent role of AdcR in more details and find more targets of 
AdcR in the presence of Ni2+, microarray comparison of the adcR mutant with D39 wild-type 
was performed in CDM with 0.3 mM Ni2+. As expected, the expression of genes belonging to 
the AdcR regulon was altered (Table 8). The expression of the AdcR regulon was highly 
upregulated, except for the adc operon, which was downregulated in our transcriptome 
analysis (Table 8). For creating an adcR mutant, an erythromycin-resistance gene cassette was 
used to replace the adcR gene [108]. Therefore, downregulation of adc operon might be due 
to the polar effect of adcR deletion on the downstream genes of adcR [108]. 
 
Binding of AdcR to its target is Zn2+ and Ni2+ -dependent 
To study the direct interaction of AdcR with the promoter regions of the genes 
belonging to the AdcR regulon in the presence of Ni2+, we performed EMSAs with purified 
Strep-tagged AdcR (Ad-Strep tag) and 33P-labeled promoters of adcR, adcAII, phtA, phtB and 
pcpA. To prevent the interference of metal ions with Ad-Strep tag, all the experiments were 
performed in EDTA free gels and buffers. The pcpA promoter region was taken as a negative 
control. Ad-Strep tag was unable to shift the promoter regions of adcR, adcAII, phtA and phtB 
in the absence of metal ions (Lane 2 in Figure-1). However, the addition of 0.2 mM Zn2+ led 
to the binding of Ad-Strep tag to the promoter regions of adcR, adcAII, phtA and phtB (Lane 
3 in Figure-1A), which is consistent with previous study [108]. Interestingly, 0.2 and 0.4 mM 
Ni2+ were unable to stimulate the binding of Ad-Strep tag with the promoter regions of adcR, 
adcAII, phtA and phtB (Lane 4, 5 in Figure-1). Thus, Ni2+ showed a derepressive effect on the 
expression of the AdcR regulon in our transcriptional studies. Therefore, we also decided to 
check the interaction of Ad-Strep tag with the promoter regions of adcR, adcAII, phtA and 
phtB in the presence of both Zn2+ and Ni2+ together. The Zn2+-dependent interaction of AdcR 




with these promoters in the presence of 0.2 mM Zn2+ was alleviated with the addition of 0.2 
mM or 0.4 mM Ni2+ (Lane 6, 7 in Figure-1). Under the same conditions, we did not see any 
band shift with the promoter region of pcpA as a negative control (Figure-5D). Thus, this data 
indicates that Zn2+ and Ni2+ have an opposite effects on the interaction of AdcR with the 
promoter regions of adcR, adcAII, phtA and phtB.  
Table 8: Summary of transcriptome comparison of S. pneumoniae strain D39 wild-type with SS200 grown in 
CDM with 0.3 mM Ni2+.  
 
Gene taga Functionb Ratioc P-value 
Spd_0126 Pneumococcal surface protein A, PhpA 2.29 1.35E-05
Spd_0277 6- phospho-beta-glucosidase, CelA 12.36 2.28E-13
Spd_0278 Hypothetical protein 6.67 1.12E-09
Spd_0279 PTS system, IIB component, CelB 7.82 3.99E-09
Spd_0280 Transcriptional regulator, CelR 10.24 2.71E-12
Spd_0281 PTS system, IIA component, CelC 4.80 1.75E-07
Spd_0282 Hypothetical protein 6.8 6.87E-10
Spd_0283 PTS system, IIC component, CelD 7.10 8.67E-09
Spd_0308 ATP-dependent Clp protease, ATP-binding subunit, ClpL 4.21 5.54E-10
Spd_0888 Adhesion lipoprotein, AdcAII (LmB) 1.65 3.39E-04
Spd_0889 Pneumococcal histidine triad protein D precursor, PhtD 3.51 1.21E-08
Spd_0893 Hypothetical protein 3.51 8.62E-07
Spd_1038 Pneumococcal histidine triad protein A precursor, PhtA 5.59 8.67E-09
Spd_1514 ABC transporter, ATP-binding protein -3.35 4.04E-08
Spd_1515 Hypothetical protein -4.06 4.50E-09
Spd_1516 Hypothetical protein -4.57 3.25E-09
Spd_1997 Zinc ABC transporter, zinc-binding lipoprotein, AdcA -18.45 4.07E-13
Spd_1998 Zinc ABC transporter, permease protein, AdcB -2.71 1.29E-04
Spd_1999 Zinc ABC transporter, ATP-binding protein, AdcC -10.76 3.21E-12
Spd_2000 adc operon repressor, AdcR -15.29 7.99E-11
Spd_2001 Hypothetical protein -25.05 1.31E-12
aGene numbers refer to D39 locus tags. bD39 annotation/TIGR4 annotation. [228,229], cRatios >2.0 or <2.0 
(SS200 + 0.3 mM Ni2+/wild-type + 0.3 mM Ni2+). 
Discussion 
Transition metal ions such as Mn2+, Zn2+, Cu2+, Fe2+, Co2+ and Cd2+ have been shown 
to play a pivotal role in the metabolism and virulence of S. pneumoniae [57,117,133,259]. 
However, the role of Ni2+ on the global gene expression of S. pneumoniae has not been 
studied before. In this study, we analyze the transcriptome changes in S. pneumoniae D39 
wild-type in response to high Ni2+ concentration. The expression of a number of important 
genes and operons with diverse functions, including the AdcR regulon (adcRCBA, adcAII-
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a phtD gene encoding pneumococcal histidine triade protein precursor D (PhtD). phtA, phtB 
and phtE encodes for pneumococcal histidine triade protein precursors A, B and E, 
respectively. Recent studies have demonstrated the role of the PhT family proteins (PhtA, 
PhtB, PhtE and PhtD) in intracellular Zn2+ acquisition and pathogenesis in S. pneumoniae 
[219,291,292]. The adh gene encodes for a Zn2+-containing alcohol dehydrogenase. 
Previously, it was demonstrated that the expression of adcRCBA, adcAII-phtD, phtA, phtB 
and phtE is repressed, while the expression of adh is activated by the transcriptional regulator 
AdcR in the presence of Zn2+ [108]. Here, we show that Ni2+ also plays a role in the 
regulation of adcRCBA, adcAII-phtD, phtA, phtB and phtE. Our β-galactosidase assays 
showed that the expression of adcRCBA, adcAII-phtD, phtA, phtB and phtE was increased 
with increasing concentrations of Ni2+. However, we did not find any significant change in the 
expression of adH in our both transcriptome analysis. This might exclude the role of Ni2+ in 
the AdcR mediated regulation of adH.  
It is also important to note that the expression of czcD, encoding for the Zn2+-efflux 
system, is highly upregulated in our transcriptome analysis in response to Ni2+. Expression of 
czcD is regulated by the TetR family transcriptional regulator SczA in the presence of Zn2+, 
Co2+ or Ni2 [109]. Moreover, Zn2+, Co2+ or Ni2+ has been shown to stimulate the binding of 
SczA to the promoter region of czcD [109]. We further confirm the expression of czcD in the 
presence of Ni2+ by transcriptional lacZ-reporter study with PczcD-lacZ and these results 
(Supplementary data, Figure-S1) are consistent with a previous study [109].  
The PsaR regulon consists of psaBCA, pcpA and prtA that codes for the Mn2+ uptake 
system (PsaBCA), a choline binding protein (PcpA), and a serine protease (PrtA), 
respectively. The expression of the PsaR regulon is shown to be repressed by the DtxR family 
transcriptional regulator PsaR in the presence of Mn2+ [98]. Notably, Zn2+ and Co2+ can bind 
with PsaR to relieve the Mn2+-dependent repression of the PsaR regulon [58,259]. Recently, 
we have studied the regulation of the PsaR regulon in the presence of Ni2+ and demonstrated 
that like Zn2+ and Co2+, Ni2+ also has the ability to derepress the Mn2+-dependent repression 
of the PsaR regulon, and that high concentrations of Ni2+ leads to cell-associated Mn2+ 
deficiency [59]. In this study, we have also observed the significance upregulation of the PsaR 
regulon in our transcriptome analysis performed in the presence of Ni2+ (Table 3). 
Upregulation of the PsaR regulon in our transcriptome further verifies our previous results 





analysis performed in this study (Table 4), which is also in consistent with our previous 
results [59]. 
The interplay, or competition, of metal ions plays an important role in the regulation of 
metal responsive genes. In S. pneumoniae, competition of Mn2+ with Zn2+, Co2+ or Ni2+ in the 
regulation of the PsaR regulon by transcriptional regulator PsaR has already extensively been 
studied [58,59,259]. Similarly, the interplay of Cu2+ and Zn2+ in the regulation of cop operon 
by transcriptional regulator CopY was studied before, where Cu2+ induces and Zn2+ represses 
the CopY-mediated expression of cop operon [117]. Here, we elaborated for the first time the 
interplay of Ni2+ and Zn2+ in the regulation of genes belonging to the AdcR regulon. Our 
lacZ-reporter studies determined the ability of Ni2+, in derepressing the Zn2+-dependent 
repression of adcRCBA, adcAII-phtD, phtA, phtB and phtE. Our in vitro data showed that the 
Zn2+-dependent binding of AdcR to the promoter regions of the genes belonging to the AdcR 
regulon was alleviated by the addition of Ni2+. Recently, it has been shown that Cd2+-uptake 
reduces the accumulation of cell-associated Mn2+ and Zn2+ [57]. Our ICP-MS comparison of 
cells grown in CDM with 0.5 mM to 0 mM Ni2+ has not shown any difference in the 
concentration of Zn2+ or other metal ions, which also indicates the direct role of Ni2+ in the 
regulation of adcRCBA, adcAII-phtD, phtA, phtB and phtE. Moreover, the role of genes 
belonging to the AdcR regulon in the pathogenesis of S. pneumoniae has already been 



















Figure S1: Expression level (in Miller units) of PczcD-lacZ in D39 wild-type in CDM with different 
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Previous studies have shown that the transcriptional regulator PsaR regulates the expression 
of the PsaR regulon consisting of genes encoding choline binding protein (PcpA), the 
extracellular serine protease (PrtA), and the Mn2+-uptake system (PsaBCA), in the presence of 
manganese (Mn2+), zinc (Zn2+), and cobalt (Co2+). In this study, we explore the Ni2+-
dependent regulation of the PsaR regulon. We have demonstrated by qRT-PCR analysis, 
metal accumulation assays, β-galactosidase assays, and electrophoretic mobility shift assays 
that an elevated concentration of Ni2+ leads to strong induction of the PsaR regulon. Our ICP-
MS data show that the Ni2+-dependent expression of the PsaR regulon is directly linked to 
high, cell-associated, concentration of Ni2+, which reduces the cell-associated concentration of 
Mn2+. In vitro studies with the purified PsaR protein showed that Ni2+ diminishes the Mn2+-
dependent interaction of PsaR to the promoter regions of its target genes, confirming an 
opposite effect of Mn2+ and Ni2+ in the regulation of the PsaR regulon. Additionally, the Ni2+-
dependent role of PsaR in the regulation of the PsaR regulon was studied by transcriptome 
analysis. 
Introduction 
Streptococcus pneumoniae, an encapsulated bacterium is a common cause of otitis 
media, bacterial meningitis, bacteremia, and pneumoniae, leading to millions of death every 
year, particularly in developing countries [293–295]. Although, S. pneumoniae has an 
asymptomatic association within the human nasopharyngeal cavity [237], it has also the 
ability to spread to other sites in the human body to cause severe infections [215,236,296]. 
The survival of S. pneumoniae in different niches inside the human body might depend on the 
availability of macro- and micro- nutrients on the respective infection sites. Metal ions are an 
integral part of nutrients, and play a vital role in the regulation of many cellular processes in 
S. pneumoniae [108,239,259]. The deprivation or excess of metal ions may result in impaired 
growth of bacterial cells [297]. Therefore, proper regulation of metal homeostasis is important 
for the survival of S. pneumoniae. For this purpose, S. pneumoniae possesses metal uptake 
and -efflux systems that are specific to different metal ions, including manganese (Mn2+), zinc 
(Zn2+), copper (Cu2+), and iron (Fe2+) [104,117,134,298,299]. These systems are tightly 
regulated by different transcriptional regulators in the presence of specific metal ions 
[108,109,114,117,259]. For example, the expression of the adc operon encoding Zn2+ 
transporters is repressed by transcriptional regulator AdcR in the presence of Zn2+ [108,292]. 





regulator CopY in the presence of Cu2+ [117]. The expression of Mn2+ uptake system psaBCA 
is regulated by transcriptional regulator PsaR and is dependent on the balance between Mn2+, 
Zn2+, and cobalt (Co2+) [58,98].  
The interference or competition of metal ions for metal-sensory proteins has been 
reported for many bacteria, including S. pneumoniae [58,117,259,278,300–302]. The 
interplay of metal ions on specific protein depends on the concentration of metal ions, the 
nature of the coordinating ligands [303–305], and the effect of the Irving-William stability 
series (where the order is Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ > Zn2+) on protein metal ion 
affinity [123]. In S. pneumoniae, the CopY-mediated expression of the Cu2+-efflux system 
depends on the availability of Cu2+ and Zn2+, where the Cu2+ induced expression of Cu2+-
efflux system is nullified by the addition of high Zn2+ concentrations [117]. Similarly, the 
expression of the PsaR regulon (pcpA and psaBCA, and prtA) is repressed by Mn2+ and 
derepressed by Zn2+ [259]. In our previous study, we have demonstrated the opposite effect of 
Mn2+ and Co2+ in the regulation of the PsaR regulon [58]. Moreover, metal ions can also 
compete to bind with extracellular proteins, which ultimately results in the impaired 
homeostasis of other metal ions. In S. pneumoniae, Zn2+ and Cd2+ have been shown to cause 
intracellular Mn2+ deficiency [57,248]. Several proteins with ligase activity have been 
reported to bind with nickel (Ni2+) [127]. However, the role of Ni2+ in pneumococcal 
metabolism and virulence has not been determined. 
Here, we used qRT-PCR, β-galactosidase assays, EMSAs, and ICP-MS analyses to 
investigate the role of Ni2+ in the regulation of the PsaR regulon in S. pneumoniae D39. Our 
results demonstrate that the expression of the PsaR regulon is highly derepressed in the 
presence of Ni2+ and that a high concentration of Ni2+ causes cell-associated Mn2+ deficiency 
in S. pneumoniae. Furthermore, an opposite effect of Mn2+ and Ni2+ on the PsaR-mediated 
expression of the PsaR regulon is found. 
. 
Material and Methods 
Bacterial strains, growth conditions and DNA manipulation 
All the bacterial strains and plasmids used in this study are listed in Table 1. S. 
pneumoniae D39 was grown in 1% Chelex 100 resin (Bio-rad)-treated Chemically Defined 
Medium (CDMchelex). Salts of metal ions, i.e. MnSO4 and NiSO4 were added separately as 
specified in the Results section. Escherichia coli strain EC1000 was cultured at 37 oC. The 
following concentrations of antibiotics were used in the media for the selection of strains 





where necessary: tetracycline: 2.5 µg ml-1 for S. pneumoniae; chloramphenicol: 4 µg.ml-1 for 
Lactococcus lactis; and ampicillin; 100 µg.ml-1 for E. coli. Chromosomal DNA of S. 
pneumoniae D39 was used as a template for PCR amplification [229,257]. All bacterial 
strains used in this study were stored at -80 °C in 10% (v/v) glycerol stock. Primers used in 
this study are based on the genome sequence of S. pneumoniae D39 and listed in Table 2. 
Table 1: List of strains and plasmids used in this study. 
 
Strain/plasmid Description Source 
S. pneumoniae   
D39 Serotype 2 strain, cps 2 Laboratory of P. Hermans 
RW100 D39 ΔpsaR [259] 
RW104 D39nisRK ΔbgaA::PprtA-lacZ; ErmR [259] 
RW109 D39nisRK ΔpsaR ΔbgaA::PprtA-lacZ; ErmR [259] 
IM402 D39 ΔbgaA::PpsaB-lacZ; TetR [58]  
IM403 D39 ΔbgaA::PpcpA-lacZ; TetR [58] 
IM451 RW100 ΔbgaA::PpsaB-lacZ; TetR [58] 
IM452 RW100 ΔbgaA::PpcpA-lacZ; TetR [58] 
E. coli   
EC1000 Km
R; MC1000 derivative carrying a single copy of 
the pWV1 repA gene in glgB Laboratory collection 
L. lactis 
NZ9000 MG1363 ΔpepN::nisRK [260] 
 
β-galactosidase assays 
The β-galactosidase assays were performed as described before [178] by using 
derivatives of S. pneumoniae D39 grown till mid-exponential phase of growth (OD600= 0.25) 
in triplicate in CDMchelex at 37 oC supplemented with different metal ion concentrations 
(w/v) as mentioned in the Results section. Standard deviation was calculated from three 
independent replicates of each sample. 
 
Quantitative real time (qRT)-PCR experiments 
For qRT-PCR, S. pneumoniae D39 wild-type was grown in CDM with and without the 
addition of 0.3 mM Ni2+, and harvested at mid-exponential growth phase. RNA was isolated 
as described before [117]. Additionally, RNA was treated with DNase I (RNase-free) 
(Thermo Fisher Scientific, St. Leon-Rot, Germany) for 60 min at 37 °C to remove any DNA 
contamination. qRT-PCR was performed in triplicates as described before [117]. The 
transcription level of the target genes was normalized to gyrA transcription using the relative 







Table 2: List of primers used in this study.  
Name Nucleotide Sequence (5’3’) 














Inductively coupled plasma-mass spectrometry (ICP-MS) analysis 
To measure the intracellular concentrations of metal ions, S. pneumoniae D39 was 
grown till OD600= 0.2-0.25 in 20 ml CDMchelex supplemented with either 0.02 mM MnSO4, 
0.02 mM MnSO4 + 0.1 mM NiSO4, 0.02 mM MnSO4 + 0.3 mM NiSO4, or 0.02 mM MnSO4 
+ 0.5 mM NiSO4. Cell cultures were washed twice with CDMchelex medium and twice with 
overnight Chelex (Sigma) treated phosphate-buﬀered saline (PBS) with 1 mM nitrilotriacetic 
acid. The cell pellets were dried overnight in a Speedvac at room temperature and lysed in 
2.5% nitric acid (Ultrapure, Sigma Aldrich) for 10 min at 95 oC by vigorous vortexing. ICP-
MS analysis on the lysed cell samples were performed as described before [248]. Amounts of 
metal ions are expressed in the Result section as µg g-1 dry weight of cells. 
 
DNA Microarray Analysis  
To observe the impact of the psaR deletion on the transcriptome of S. pneumoniae in 
the presence of Ni2+, S. pneumoniae D39 wild-type and its isogenic psaR mutant (RW100) 
[259] were grown in two biological replicates in CDMchelex with 0.3 mM of NiSO4. (H2O)6. 
Cells were harvested at the mid-exponential growth phase. Further experiments were 
performed essentially as described before [287]. DNA microarray data were analyzed by 
using the MicroPrep software package as described before [258]. To identify differentially 
expressed genes a Bayesian p-value <0.001 and a fold-change cut-off of ≥ 2 were applied. 
The DNA microarray data have been deposited to Gene Expression Omnibus (GEO) with 
accession number GEOxxxx (will be provided during revision).  
 






Purification of Strep-tagged PsaR and Electrophoretic mobility shift assays  
 The overexpression and purification of C-terminally Strep-tagged PsaR was achieved 
in L. lactis NZ9000 essentially as described before [259,260]. Electrophoretic mobility shift 
assays (EMSAs) were performed essentially as described previously [108]. In short, PCR 
products of PpcpA, PpsaB, PprtA, and PadcR were labeled with [γ-33P] ATP. EMSAs were 
carried out in buffer containing 20 mM Tris-HCL (pH 8.0), 5mM MgCl2, 8.7% (w/v) 
glycerol, 62.5 mM KCl. 25 μg/ml bovine serum albumin, 25 μg/ml poly (dI-dC), and 5000 
cpm of [γ-33P] ATP-labeled PCR product. Reactions were incubated at 30 °C for 30 min 
before loading on gels. Gels were run in 1 M Tris-borate buffer (PH 8.3) at 95 V for 90 min. 
 
Results: 
Ni2+-dependent expression of the PsaR regulon in S. pneumoniae 
In a previous study, we have shown that, like Zn2+, Co2+ also induces the expression of 
the PsaR regulon, while addition of Mn2+ causes repression of the PsaR regulon [58]. The 
PsaR regulon comprises the psa operon (psaBCA), encoding Mn2+-dependent ABC 
transporters, pcpA, encoding a choline binding protein and prtA, encoding a serine protease. 
In this study, we decided to explore the impact of Ni2+ on the expression of the PsaR regulon. 
To investigate the impact of Ni2+ on the expression of the PsaR regulon, cells were grown in 
CDM with either 0 or 0.3 mM Ni2+, and qRT-PCR was performed. qRT-PCR data revealed 
that the expression of pcpA, psaBCA, and prtA was highly upregulated in the presence of 0.3 
mM Ni2+ compared to 0 mM Ni2+ (Table 3), suggesting the putative role of Ni2+ in the 
regulation of the PsaR regulon.  
 
Table 3: The relative expression of prtA, psaB, psaC, psaA and pcpA genes. The expression of these genes 
was normalized with the housekeeping gene gyrA. Standard deviation of three independent experiments is 
given in parentheses. The log2 fold increase is relative to the expression in the D39 grown in CDMchelex with 
0.3 mM Ni2+ to that with 0 mM Ni2+. 
 
Gene tag Gene function Fold Raito 
spd_0558 Cell wall-associated serine protease PrtA 4.53   (1.22) 
spd_1461 Manganese ABC transporter, ATP-binding protein, PsaB 2.83   (0.24) 
spd_1462 Manganese ABC transporter, permease protein, PsaC 3.15   (0.30) 
spd_1463 Manganese ABC transporter, ATP-binding protein, PsaA 5.88   (1.55) 





To further verify the role of Ni2+ in the regulation of the PsaR regulon in S. 
pneumoniae, the D39 wild-type strain containing either PpcpA-lacZ, PpsaB-lacZ or PprtA-
lacZ was grown in CDMchelex and CDMchelex-Mn2+ (CDMchelex without Mn2+) with the 
addition of 0, 0.1, 0.3 or 0.5 mM Ni2+, and β-galactosidase assays were performed. Our β-
galactosidase data (Miller Units) revealed that the expression of the PpcpA-lacZ, PpsaB-lacZ 
and PprtA-lacZ increased significantly with increasing concentrations of Ni2+ in CDMchelex 
and CDMchelex-Mn2+ (Table 4). However, the expression of these transcriptional lacZ-
fusions was much higher in CDMchelex-Mn2+ compared to CDMchelex due to the 
unavailability of Mn2+ in CDMchelex-Mn2+. This data indicates that the expression of pcpA, 
psaBCA, and prtA is regulated by Ni2+ and in agreement with our qRT-PCR analysis data 
mentioned above. 
PsaR mediates expression of the PsaR regulon in the presence of Ni2+ 
To check, whether the observed Ni2+-dependent high expression of the PsaR regulon is 
mediated by the Mn2+/ Zn2+/ Co2+-responsive transcriptional regulator PsaR, the psaR mutant 
strain (RW100) containing PpcpA-lacZ, PpsaB-lacZ, and PprtA-lacZ were grown in 
CDMchelex with 0, 0.1, 0.3 or 0.5 mM Ni2+. The expression of PpcpA-lacZ, PpsaB-lacZ, and 
PprtA-lacZ was highly derepressed in the psaR mutant. We did not observe significant 
difference in the expression of PpcpA-lacZ, PpsaB-lacZ, and PprtA-lacZ in the psaR mutant 
strain at different concentrations of Ni2+ (Table 4), indicating that PsaR mediates the Ni2+-
dependent expression of the PsaR regulon. 
Table 4: β-galactosidase activity (miller units) of PpcpA-lacZ, PpsaB-lacZ, and PprtA-lacZ in D39 wild-type 
and psaR mutant grown in CDMchelex and CDMchelex-Mn2+ supplemented with various concentrations of Ni2+ 
(mM). Standard deviation of three independent replications is given in parentheses whereas ND stands for not 
determined. Noteworthy, lacZ was fused to the 3’ end of prtA* on the native chromosomal location, using 
plasmid pOR113. This might explain the lower Miller Units as compared to PpcpA-lacZ and PpsaB-lacZ. 
 
β-galactosidase Activity (Miller Units) 
Medium D39 (wt) D39 ΔpsaR 
 PpcpA PpsaB PprtA* PpcpA PpsaB PprtA* 
CDMchelex       
Ni2+ [0.0] 29 (7) 68 (8) 0.57 (0.06) 1363 (35) 1290 (30) 2.1 (0.2) 
Ni2+ [0.1] 48 (4) 118 (11) 0.92 (0.06) 1226 (42) 1230 (40) 2.1 (0.3) 
Ni2+ [0.3] 73 (6) 218 (20) 1.38 (0.1) 1195 (52) 1220 (24) 2.2 (0.4) 
Ni2+ [0.5] 101 (8) 419 (15) 1.57 (0.1) 1190 (23) 1202 (55) 2.0 (0.2) 
CDMchelex-Mn2+       
Ni2+ [0.0] 84 (10) 565 (40) 0.74 (0.2) ND ND ND 
Ni2+ [0.1] 160 (12) 628 (43) 1.24 (0.2) ND ND ND 
Ni2+ [0.3] 360 (36) 873 (50) 1.62 (0.1) ND ND ND 
Ni2+ [0.5] 571 (30) 1072 (102) 1.87 (0.1) ND ND ND 





To analyze the impact of psaR deletion on the global gene expression of S. 
pneumoniae and find more targets of PsaR in the presence of Ni2+, transcriptome of psaR 
mutant strain was compared with S. pneumoniae D39 wild-type strain grown in CDMchelex 
with 0.3 mM Ni2+. The expression of psaR was significantly downregulated, confirming the 
inactivation of psaR in the psaR deletion strain. The expression of pcpA, psaBCA, and prtA 
was highly upregulated in the psaR mutant (Table 5). This data further confirms our β-
galactosidase data mentioned above indicating Ni2+-dependent derepression of the PsaR 
regulon. We did not find any new target of PsaR in the presence of Ni2+. Notably, an operon 
(spd_0616-spd_618) encoding amino acid ABC transporter proteins was upregulated in our 
transcriptomic analysis, but in our β-galactosidase assay we did not observe any activity of 
the respective promotor of this operon in the psaR mutant (Data not shown here). 
 
Table 5: Summary of transcriptome comparison of S. pneumoniae D39 wild-type strain with ΔpsaR grown in 
CDM with 0.3 mM Ni2+.  
 
Gene taga Functionb Ratioc P-value 
SPD0616 Amino acid ABC transporter, ATP-binding protein -4.40 1.32E-05 
SPD0617 Amino acid ABC transporter, permease protein -5.99 7.46E-07 
SPD0618 Amino acid ABC transporter, permease protein -6.19 4.27E-07 
SPD0558 Cell wall-associated serine protease PrtA 3.02 6.65E-05 
SPD1461 Manganese ABC transporter, ATP-binding protein 2.39 7.47E-05 
SPD1462 Manganese ABC transporter, permease protein, putative 2.52 1.46E-04 
SPD1450 Iron-dependent transcriptional regulator (PsaR) -4.43 7.45E-07 
SPD1632 Hypothetical protein -2.22 9.00E-04 
SPD1965 Choline binding protein PcpA 14.42 2.65E-09 
aGene numbers refer to D39 locus tags. bD39 annotation/TIGR4 annotation. [228,229], cRatios >2.0 or <2.0 
(ΔpsaR + 0.3 mM Ni2+ / wild-type + 0.4 mM Ni2+). 
 
Opposite effect of Ni2+ and Mn2+ in the regulation of the PsaR regulon 
Previous studies showed that the PsaR-mediated expression of the PsaR regulon 
depends on the balance between Mn2+, Co2+ and/ or Zn2+ [58,248,259]. In this study, we 
observed that the expression of the PsaR regulon was highly derepressed in response to 
various Ni2+ concentrations. Therefore, we decided to explore the influence of Ni2+ and Mn2+ 
together on the expression of the PsaR regulon. The expression of PpcpA-lacZ, PpsaB-lacZ, 
and PprtA-lacZ in S. pneumoniae D39 wild-type was measured at different concentrations of 
Ni2+ and Mn2+ in CDMchelex and CDMchelex-Mn2+ (Table 6). β-galactosidase data (Miller 
units) showed that high expression of PpcpA-lacZ, PpsaB-lacZ, and PprtA-lacZ at 0.1 or 0.3 





repression was higher in CDMchelex compared to CDMchelex-Mn2+. This might be due to 
the fact that CDMchelex contains 5-7 µM of Mn2+ which is enough to cause the repression of 
the PsaR regulon [58]. These results suggest that the Mn2+-dependent repression of the PsaR 
regulon is derepressed by the addition of Ni2+. 
 
Table 6: Expression level (in Miller units) of PpcpA-lacZ, PpsaB-lacZ, and PprtA-lacZ in D39 wild-type in 
CDMchelex and CDMchelex-Mn2+ supplemented with different concentrations of Ni2+ and Mn2+ (mM). 
Standard deviation of three independent replicates is indicated in bars. 
 
β-galactosidase Activity (Miller Units) 
Promoter D39 (wt) 
 pcpA psaB prtA 
CDMchelex 29 (3) 72 (9)  0.50 (0.07) 
Ni2+ [0.1] 32 (4) 99 (10)  0.91 (0.08) 
Ni2+ [0.3] 66 (6) 200 (28)  1.20 (0.2) 
Ni2+ [0.1] + Mn2+[0.02] 20 (5) 79 (7)  0.55 (0.05) 
Ni2+ [0.3] + Mn2+[0.02]   36 (27) 142 (12) 0.69 (0.1) 
Ni2+ [0.1] + Mn2+[0.05] 20 (5) 79 (7)  0.30 (0.05) 
Ni2+ [0.3] + Mn2+[0.05]   36 (27) 142 (12) 0.35 (0.1) 
CDMchelex-Mn2+   90 (15) 550 (50) 0.70 (0.2) 
Ni2+ [0.1] 180 (18) 640 (48) 1.10 (0.2) 
Ni2+ [0.3] 390 (60) 890 (106) 1.40 (0.1) 
Ni2+ [0.1] + Mn2+[0.02] 100 (10)   450 (70) 0.80 (0.05) 
Ni2+ [0.3] + Mn2+[0.02] 280 (47) 565 (120)  0.90 (0.1) 
Ni2+ [0.1] + Mn2+[0.05]   50 (10)   210 (70)  0.30 (0.05) 
Ni2+ [0.3] + Mn2+[0.05] 120 (47) 335 (120) 0.60 (0.1) 
 
Ni2+ counteracts the Mn2+-PsaR interaction with PpcpA, PpsaBCA and PprtA 
 To find out whether the observed opposite effects of Ni2+ and Mn2+on the expression 
of pcpA, psaBCA, and prtA are mediated by the direct DNA binding activity of the PsaR 
protein, the effects of these metal ions on the binding of PsaR-Strep tag to 33P-labeled 
promoters of pcpA, psaB, and prtA were studied in vitro. The promotor region of phtB was 
used as a negative control. Due to the metal-ion chelating ability of EDTA, we decided to 
exclude it from all buffers used to perform EMSAs. PsaR-Strep tag was not able to bind with 
the promoter regions of pcpA, psaB, and prtA without the addition of any metal ion (Figure-1 
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does not stimulate the binding of PsaR with pcpA, psaB, and prtA promoters. Previously, it 
has been shown that Zn2+ binds to the PsaR in such a way which leads to the inactivation of 
Mn2+-PsaR interaction with the promoter regions of pcpA, psaB, and prtA [259]. We 
hypothesized that like Zn2+, Ni2+ also interferes in the Mn2+-dependent binding of PsaR-Strep 
to the promoter regions of pcpA, prtA, and psaB. Therefore, we decided to explore the 
influence of Ni2+ on the in vitro Mn2+-PsaR-Strep tag interaction. Interestingly, the binding of 
PsaR to all three promoters in the presence of Mn2+ was impaired with the addition of Ni2+ 
(Figure-1 Lanes 7-10). This data suggests that the Mn2+-PsaR interaction with pcpA, psaB, 
and prtA promoters is competed away in the presence of Ni2+, indicating a direct role of Ni2+ 
in the regulation of the PsaR regulon through PsaR.  
 
A high concentration of Ni2+ in the medium leads to Mn2+ deficiency in the cells 
To determine the cell-associated concentrations of metal ions, we performed an ICP-
MS analysis on the cells grown in CDMchelex either with 0 or 0.3 mM of Ni2+. ICP-MS data 
revealed that the cells grown in the presence of 0.3 mM Ni2+ accumulate 10-fold (P<0.01, 
One way ANOVA) more Ni2+ (Figure-2A) compared to cells grown in the absence of Ni2+. 
No significant difference in the concentrations of other metal ions was observed in our ICP-
MS analysis except for Mn2+. The concentration of Mn2+ was reduced by 1.5-fold (P<0.01, 
One way ANOVA) in the presence of Ni2+ (Figure-2A). This data indicates that high 
concentration of Ni2+ leads to Mn2+ deficiency in the cell. To study this in more details, we 
have checked the impact of various concentrations of Ni2+ on the cell-associated Mn2+. Cells 
were grown in CDMchelex with the addition of 0.02 mM Mn2+, and 0, 0.1, 0.3 or 0.5 mM 
Ni2+. As expected, addition of Ni2+ in medium leads to an increased cell-associated Ni2+ 
concentration. The cell-associated Ni2+ concentration was increased by 2-fold (P<0.01, One 
way ANOVA) at 0.1 mM Ni2+, 13-fold at 0.3 mM Ni2+, and 16-fold at 0.5 mM Ni2+ when 
compared to 0 mM Ni2+ (Figure-2B). ICP-MS analyses data further revealed that an 
increasing concentration of Ni2+ leads to a decrease in the concentrations of Mn2+. The cell-
associated concentration of Mn2+ was decreased by 1.25-fold (P<0.01, One way ANOVA) at 
0.1 mM Ni2+, 3.52-fold (P<0.01, One way ANOVA) at 0.3 mM Ni2+, and 7.4-fold (P<0.01, 
One way ANOVA) at 0.5 mM Ni2+ (Figure-2B) when compared to the Mn2+ concentration at 
0 mM Ni2+. Notably, the cell-associated concentration of other metal ions (Zn2+, Fe2+, and 
Co2+) was not affected (Figure-2). This date demonstrate that Ni2+ has ability to cause Mn2+ 
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associated Mn2+ deficiency caused by a high concentration of Ni2+. Moreover, Mn2+ and Ni2+ 
have opposite regulatory effects on the expression of the PsaR regulon in S. pneumoniae. 
Where, Mn2+-binding represses the expression of the PsaR regulon, Ni2+ derepresses the 
repression caused by Mn2+. 
Mn2+ is an important transition metal ion that is a cofactor for many pneumococcal 
proteins which are involved in the colonization, virulence, and resistance to oxidative stress in 
S. pneumoniae [104]. Mn2+ accumulation shows significant flexibility and cells can survive 
even at a 3% concentration of the normal accumulation level [96,277]. S. pneumoniae has a 
dedicated system for Mn2+ transport (PsaBCA) that consists of two ABC transporters (PsaBC) 
and a cell surface salute binding protein (PsaA) [121,290,309]. Previous studies have shown 
that PsaA is not only important for virulence [299,308], but also has a direct role in the 
accumulation of cell associated Mn2+ [121,309]. PsaA has the ability to bind Zn2+ and Mn2+ 
[96,309]. The binding affinity of PsaA to Zn2+ is much higher compared to that of Mn2+, and 
PsaA-Zn2+ interaction led to the ~40 % decrease in cell associated Mn2+ accumulation 
[96,248]. Structural studies of PsaA have revealed that Cd2+ can also bind to PsaA and 
ultimately results in the reduction of cell-associated Mn2+ [57]. Recently, it was shown that 
PsaA can also bind to other d-block elements including Ni2+ [276]. This unique property of 
PsaA to bind with different metal ions makes its role very important in the life style of S. 
pneumoniae. In our ICP-MS analysis, we observed a cell-associated Mn2+ deficiency in the 
presence of relatively high concentrations of Ni2+. Therefore, based on our ICP-MS data, we 
can speculate that most likely Ni2+ interacts with PsaA, which leads to Mn2+ deficiency. 
Biochemical studies of transcriptional regulator PsaR of S. pneumoniae showed that 
PsaR harbors two pairs of metal binding sites where Mn2+ or Zn2+ can bind [100]. Similarly, 
Mn2+-responsive regulators DtxR from Corynebacterium diphtheria and MntR from Bacillus 
subtilis, which are homologous of PsaR, also have two metal binding sites [310,311]. The 
binding of DtxR to the tox operon in C. diphtheria not only depends on the availability of 
Mn2+ but also on Co2+, Fe2+, and Ni2+ [312]. Similarly, The Mn2+-dependent DNA binding 
activity of MntR in B. subtilis is diminished in the presence of Ni2+, Zn2+, and Fe2+ [279–281]. 
The metal responsive transcriptional regulators, ScaR of Streptococcus gordonii and SloR of 
Streptococcus mutants also belongs to DtxR family, and are homologous to PsaR [313–315]. 
Interestingly, the PsaR binding site is similar to the operator sequences of ScaR and SloR 
[55]. This might suggest that PsaR uses a similar mechanism of metal ion competition for 
regulatory metal ion homeostasis as other member of DxtR family regulators adopt. 





It has been previously demonstrated that PsaR represses the expression of the PsaR 
regulon in the presence of Mn2+ whereas Zn2+ and Co2+ relieved this repression [55,58]. 
Moreover, the in vitro studies of the interaction of PsaR to its target promotors showed that 
both Zn2+ and Co2+ could bind to PsaR in a different way [58]. When Zn2+ interacts with 
PsaR, it relieves the PsaR interaction with the promoter regions of the PsaR regulon, whereas 
Co2+, just like Mn2+, stimulates the interaction of PsaR with the promoter regions of the PsaR 
regulon [58,259]. Here, we demonstrated that Mn2+-PsaR interaction leads to the binding of 
PsaR to the promoter regions of pcpA, psaBCA, and prtA which is an agreement with previous 
studies [259]. However, the Mn2+-PsaR interaction with pcpA, psaB, and prtA promoters was 
alleviated by the addition of Ni2+ which suggests that the observed transcriptional response of 
the PsaR regulon is directly linked to the interaction of Ni2+ and Mn2+ on the PsaR-promoter 
interactions. In conclusion, we have shown that the interaction of PsaR to Ni2+ plays a similar 












































In the last decade, the development of many techniques in the field of molecular 
biology enabled scientists to explore the mechanisms of gene expression and its regulation in 
more depth. Although, various techniques are available to study the expression profiling of 
the genes, but most of them have certain limitations to provide a global overview of the effect 
on the transcriptome. DNA microarray technology gives a complete picture of large-scale 
quantitative experiments [316] and can be applied to many situations, like disease diagnosis, 
drug discovery, or toxicology [317–321]. A microarray denotes a two-dimensional array on a 
solid substrate, which consists of microscopic features, and is probed with target molecules to 
study the gene expression (e.g. for diagnostic purposes). In Chapter 2, we have optimized the 
conditions for bacterial transcriptome analysis, from cell culture treatment to DNA microarray 
analysis. Time, costs and accuracy of the experiments are important factors to be considered 
by researchers. To study bacterial transcriptomes, DNA microarray technology has certain 
advantages over conventional techniques such as qRT-PCR [322]. Here, we developed a user-
friendly protocol for DNA microarray analysis of S. pneumoniae as a case-study, by 
comparing the transcriptional responses of S. pneumoniae grown in the presence of varying L-
serine concentrations in the medium. Total RNA can be isolated by various methods such as 
phenol-chloroform and TRIzol [323,324]. However, for downstream processes, a good quality 
RNA sample is always necessary to minimize the inhibitory effects of carry-over impurities. 
For this purpose, we combined the Macaloid method with a RNA isolation kit to isolate the 
high quality RNA. Since, the full length cDNA precisely represents the length of the input of 
RNA, a high yield and quality of cDNA depends on the selection of the suitable reverse 
transcriptase (RT) for cDNA synthesis [325]. Here, we used SuperScript® III Reverse 
Transcriptase to prepare cDNA samples and labelled them with one of the two amine-reactive 
fluorescent dyes. Homemade DNA microarray slides were used for hybridization of the 
labelled cDNA samples. The techniques used to prepare microarray slides, hybridization and 
scanning are well-developed and represent no longer a limiting factor. Researchers sometime 
face problems in the reproducibility of data due to the fact that there are no standards at the 
level of filtering, which is done according to the researcher's experience [326]. The massive 
amount of data needs normalization, so one encounters statistical bottlenecks at this point 
[327]. However, continuous progress is being made in normalization issues [328,329]. 
Keeping this in mind, we used a commonly accepted MicroPrep package (PrePreP, PreP and 
PostPreP) [330]. Cyber-T was used to analyze the data generated using Microprep for the 
identification of statistically significant differentially expressed genes [331]. Consequently, 





data but also the amount of discarded data [287]. Image analysis is an important step in data 
normalization. MicroPrep software package takes only a couple of minutes to convert the raw 
signal data from image into high-quality data for further processing [330]. For further analysis 
of the differentially expressed genes in microarray, an in-house software package was used. 
These software packages include PePPER, FIVA, DISCLOSE, PROSECUTOR and 
Genome2D [201–203,235]. The use of these windows-based tools and software packages are 
user-friendly and identifies all genes that are statistically significantly differentially expressed. 
These software packages make it very convenient for researchers to utilize this technology, as 
data becomes much more meaningful and relevant. 
Carbohydrates and metal ions are important environmental factors that S. pneumoniae 
might encounter in its natural habitat. A number of studies have been conducted to assess the 
impact of different carbohydrates and metal ions on the gene expression of S. pneumoniae and 
the role of many transcriptional regulators that are involved in the regulation of sugar- or 
metal -responsive systems has been characterized [152,162,170,171,179,188,190,332]. In this 
thesis, we have further extended the role of carbohydrates and metal ions in the regulation of 
gene expression in S. pneumoniae and demonstrated the impact of fucose, a carbon source, 
and the metal ions Mn2+, Zn2+, Co2+, and Ni2+ in the regulation of pneumococcal gene 
expression and characterized the transcriptional regulators FcsR, PsaR and AdcR. 
Chapter 3 aims to explore the global gene expression of S. pneumoniae D39 in the 
presence of fucose. The expression of various genes and operons, including the fucose uptake 
PTS and utilization operon (fcs operon, type-2 operon), was highly upregulated in our 
microarray analysis. Pneumococcal strains encode for two types of fsc operons (fucose 
utilization), i.e. the type-1 and type-2 operons [218]. The type-1 encodes ABC (ATP-binding 
cassette) transporters, while the type-2 operon encodes a PTS (phosphotransferase systems). 
Despite the fact that S. pneumoniae is unable to utilize fucose as a sole carbon source, the fsc 
operon is also found to be involved in virulence [189,219]. The deletion of the complete fcs 
operon, or the disruption of four genes (fcsK, eIIA, eIIC and gh98) of the fcs operon, 
compromises the bacterium's ability to cause acute respiratory disease in the mouse model 
[219,220]. The genome of Escherichia coli encodes for two fucose utilization operon, i.e. 
fucPIK and fucAO, which are positively regulated by the DeoR-family transcriptional 
regulator FucR [234]. Usually the DeoR-family transcriptional regulators are common in 
bacteria and they often act as transcriptional activators or repressors of sugar or nucleotide 
metabolism [230–232]. Moreover, DeoR-family transcriptional regulators have been shown to 





mannitol, glycerol and xylitol [230,233]. S. pneumoniae also encodes for a DeoR-family 
transcriptional regulator, FcsR, that has 31% sequence similarity with FucR of E.coli. The 
presence of fcsR, directly upstream of the fcs operon, suggests a putative role in the regulation 
of the fcs operon. The deletion of fcsR led to loss in expression directed by the fcs promoter, 
suggesting the role of FcsR as an activator of fcs operon. We have also predicted a 19 bps 
putative FcsR regulatory site in the promoter region of the fcs operon. The functionality of 
this predicted FcsR regulatory site was further confirmed by promoter truncation experiments, 
where deletion of full or half of the FscR regulatory site led to the abolition of expression of 
the fcs operon. 
Trace metal ions are important cofactors and structural components of many proteins. 
They also play a vital role in the virulence of pathogenic bacteria [92,333–336]. S. 
pneumoniae encodes various metal ion-uptake and -efflux systems. Dedicated metal-
dependent transcriptional regulators tightly regulate the expression of these systems. Usually, 
these transcriptional regulators respond to a specific metal ion, but some of them can respond 
to more than one. The role of Zn2+, Mn2+, Cd2+ and Cu2+ on the gene expression of S. 
pneumoniae is already studied. In this thesis, we have explored the impact of Co2+ (Chapter 4) 
and Ni2+ (Chapter 5 and 6) on the gene expression of S. pneumoniae.  
In Chapter 4, we have investigated the transcriptional response of S. pneumoniae to 
Co2+. The expression of several virulence genes belonging to the PsaR regulon (psaBCA, 
pcpA and prtA), the cbi operon (putative Co2+ transport operon), the nrd operon and czcD 
(Zn2+-efflux system), was upregulated under Co2+ stress. The upregulation of the cbi genes 
and czcD in the presence of Co2+ might indicate their function in Co2+ homeostasis. 
Previously, SczA mediated expression of PczcD was shown to increase in the presence of 
Co2+ in the undefined rich growth medium GM17 [109]. In addition, CzcD was found to 
contribute to resistance of cells to high concentrations of Co2+. Our results confirm the 
previous findings that the Zn2+-efflux system CzcD responds to Co2+ and has a putative role in 
Co2+-efflux (Chapter 4). 
 Interestingly, the genes belonging to the PsaR regulon was also highly upregulated in 
the presence of Co2+ in chemically defined medium (CDM). Previously, the regulation of the 
PsaR regulon was studied in undefined rich growth medium (GM17). It was shown that 
Mn2+/Zn2+-dependent transcriptional regulator PsaR mediates the regulation of the PsaR 
regulon in the presence of Mn2+ and Zn2+ and no effect of Co2+ concentrations on the 
expression of the PsaR regulon was observed [259]. Possibly, the presence of Co2+-chelating 





PsaR regulon. PsaR belongs to the DtxR family of proteins and has 15% sequence homology 
with MntR [259] that represses the expression of a Mn2+-uptake system in B. subtilis [279]. 
MntR has ability to bind with Cd2+, Zn2+, Ni2+, Cu2+ or Co2+ [280–282]. Moreover, structural 
studies of MntR have shown that Co2+ prevents the binding of Mn2+ to MntR [283]. 
Interestingly, the metal ion binding residues of MntR (D8, E99, E102 and H103) are 
conserved in PsaR (D7, E99, E102, and H103) [100,259] as well.  
In Chapter 4, we also investigated the transcriptional response of nrdD to the different 
concentrations of Co2+ and Zn2+ in CDM. The β-galactosidase activity of PnrdD showed that 
the expression of PnrdD is increased with the increasing concentrations of Co2+ and Zn2+. 
Ribonucleotide reductase (Nrd) is responsible for the conversion of ribonucleotides to 2'-
deoxyribonucleotides, and therefore is important for DNA synthesis and DNA repair in 
almost all living organisms [268]. The catalytic activity of RNR enzymes has been shown to 
depend on different metal cofactors [337]. S. pneumoniae encodes two functional dNTP 
biosynthesis pathways, one aerobic and one anaerobic. The nrd operon (anaerobic 
ribonucleotide reductases) was highly upregulated in our transcriptome performed in the 
presence of Co2+. This was shown in previous studies under Zn2+ and Cu2+ stress and thus 
suggested the inhibition of the aerobic dNTP biosynthetic pathway [259,275].  
Another important trace metal ion, nickel (Ni2+), is also considered to be an essential 
element for bacteria [128–130]. Very little is known about the role of Ni2+ in S. pneumoniae. 
Ni2+-binding proteins and motifs in S. pneumoniae were identified by Immobilized Metal 
Affinity Column (IMAC) and LTQ-Orbitrap mass spectrometry (MS) [127]. Furthermore, the 
Zn2+-efflux protein CzcD has also been shown to respond to Ni2+ availability [259]. In 
Chapters 5 and 6, we explore the transcriptional response of S. pneumoniae to high Ni2+ 
concentrations. A number of genes were highly upregulated in the presence of elevated 
extracellular concentrations of Ni2+. These included the AdcR regulon (adcRCBA, adcAII 
(lmB), phtA, phtB, phtD, phtE), the PsaR regulon (psaBCA, pcpA, prtA) and the Zn2+/ Co2+ -
efflux system czcD. The adcRCBA operon and adcAII are directly involved in Zn2+ 
acquisition in S. pneumoniae [134,289,290]. In S. pneumoniae and other streptococci, 
inactivation of the adc operon leads to both a reduction in adhesion and virulence [338]. The 
gene adcB is important for virulence in STM lung infection models and for adhesion to the 
human lung epithelial cells [219,339]. The genes belong to the Pht protein family (phtA, phtB, 
phtD and phtE) are putatively involved in the virulence, and are also potential vaccine 
candidates [340]. The AdcR regulon was previously shown to be repressed by the 





cadA and czcD-trkA is regulated by Zn2+/ Cu2+-responsive transcriptional regulator CzrA, 
where Cu2+ represses, and Zn2+ derepresses the expression of these genes [278]. Similarly, in 
S. pneumoniae, the expression of the cop operon (Cu2+ efflux system) is activated by Cu2+-
responsive regulator CopY in the presence of Cu2+, and repressed in the presence of Zn2+ 
[117]. On the other side, the Zn2+-efflux systems have also been shown to play a role in 
virulence of bacteria. For example, in Helicobacter pylori, a human pathogen, the cznABC 
operon is involved in metal ion homeostasis and responds to Ni2+, Cd2+ and Zn2+ [342]. The 
cznA and cznC mutant strains showed higher activity of urease, a Ni2+-dependent enzyme, and 
accumulate high intracellular levels of Ni2+ [342]. The β-galactosidase assays and EMSAs 
experiments suggested that the expression of the AdcR regulon is de-repressed by the addition 
of Ni2+. Recent studies have shown that the expression of the AdcR regulon is also de-
repressed in the presence of ascorbic acid [343]. The high expression of the AdcR regulon is 
directly linked to Zn2+ starvation in treated cells caused by ascorbic acid [343]. However, the 
ICP-MS analysis performed in the presence of Ni2+showed that the high expression of the 
AdcR regulon is not linked to Zn2+ starvation but due to the direct interaction of Ni2+with 
AdcR. 
Manganese (Mn2+) is an important transition metal ion that is critical for colonization 
and invasive disease in S. pneumoniae [214,344]. Moreover, Mn2+ is an essential cofactor for 
many pneumococcal proteins that are essential for the resistance to oxidative stress, which can 
result from the production of hydrogen peroxide during pneumococcal metabolism [57]. 
Therefore, proper homeostasis of Mn2+ must be maintained. In S. pneumoniae, the PsaBCA 
(ATP-binding cassette transporter) operon is involved in Mn2+ import from the environment 
to the cytosol [75]. The deletion of the Mn2+ transporter genes psaB or psaC can lead to 
deficiency in pneumococcal adherence [345]. In Chapter 6, we show that the accumulation of 
intracellular Ni2+ dysregulates Mn2+ homeostasis. ICP-MS analysis revealed that the cell-
associated accumulation of Mn2+ was decreased by the addition of extracellular Ni2+. 
Moreover, the expression of all genes belonging to the PsaR regulon was highly upregulated 
in the presence of Ni2+. The cell-surface lipoprotein PsaA is the only target protein that is 
involved in Mn2+-deficiency [57,248]. PsaA is not only involved in the accumulation of cell-
associated Mn2+, but it is also capable of binding to Mn2+ and Zn2+ [96,309]. Later, it was 
discovered that extracellular Zn2+ competitively inhibits the Mn2+ uptake via PsaA and 
compromises the oxidative stress management in S. pneumoniae [248,277]. Recently, the role 
of Cd2+ in the regulation of the AdcR and the PsaR regulons was described [57]. Cd2+ 
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S. pneumoniae, ook wel de pneumokok genoemd, is een veelvoorkomende 
ziekteverwekker. De pneumokok is verantwoordelijk voor meer dan een miljoen doden per 
jaar wereldwijd, waaronder veel jonge kinderen. De bacterie nestelt achter in de neusholte 
waar hij in de meeste gevallen geen kwaad doet. Echter, de pneumokok kan zich vanuit de 
neusholte verspreiden naar andere delen van het menselijk lichaam, waar hij ernstige infecties 
kan veroorzaken. Hier kan de pneumokok verschillende voedingsstoffen tegenkomen, 
waaronder wisselende concentraties in metalen en koolhydraten. De pneumokok kan 
overleven op dit scala aan nutriënten door verscheidene genen te reguleren. Dit proefschrift 
draagt bij aan het begrip van deze regulatie op transcriptieniveau als reactie op koolhydraten 
en metalen. De regulatie van verschillende operons of regulons die belangrijk zijn voor 
virulentie wordt behandeld, waaronder het fcs operon, het PsaR regulon en het AdcR regulon. 
Hoofdstuk 2 beschrijft de optimalisatie van de condities voor analyse van het transcriptoom 
van bacteriën. De techniek wordt behandeld van het moment van meting tot het analyseren 
van de data. Als men naar de tijd, kosten en precisie van de experimenten kijkt, blijkt dat de 
gebruikte techniek, DNA microarray-analyse, erg zinvol, en in het algemeen te gebruiken is 
voor het bestuderen van bacteriële transciptomen. Wij hebben DNA microarray-analyse 
toegepast op de pneumokok als een casestudie,  door de transcriptomen te vergelijken 
wanneer de pneumokok in verschillende concentraties L-serine groeide.  
Het RNA werd geïsoleerd met behulp van een Macaloïd methode en een RNA-
isolatiekit en de kwaliteit van het RNA werd gecheckt door een RNA-kwaliteitscontrolekit te 
gebruiken. Het RNA werd omgezet in cDNA met reverse-transcriptase en het cDNA werd 
gelabeld met één van twee amine-reactieve fluorescente labels.  Zelfgemaakte DNA 
microarray-slides werden gebruikt voor hybridisatie van de cDNA samples, en microarray-
data werd geanalyseerd met het programma Microprep. Daarna werd het programma Cyber-T 
gebruikt om de genen te vinden die in significant verschillende hoeveelheden werden 
afgeschreven. De data werd daarna nog verder geanalyseerd met verschillende, eigen software 
(PePPER, FIVA, DISCLOSE, PROSECUTOR, Genome2D). 
In Hoofdstuk 3 wordt het effect van fucose op het transcriptoom van S. pneumoniae 
D39 onderzocht. De expressie van verschillende genen en operons waren veranderd wanneer 
fucose aanwezig was, waaronder het fcs operon, verantwoordelijk voor opname en 
verwerking van fucose. Door middel van kwantitatieve analyse demonstreren we dat de 
transcriptieregulator FscR, op het genoom aanwezig voor het fcs operon, een activator is van 
de expressie van het fcs operon. We voorspellen ook een regulatie-site van 19 baseparen waar 





operon. De functionaliteit van de voorspelde FcsR regulatie-site werd bevestigd door 
experimenten waar het verwijderen van de helft van de regulatie-site, of het volledig 
verwijderen ervan, ervoor zorgde dat het fcs operon niet meer tot expressie werd gebracht. 
Mangaan (Mn2+), zink (Zn2+) en koper (Cu2+) zijn erg belangrijk voor 
transcriptieregulatie, fysiologie en de ziekteverwekkende eigenschappen van de pneumokok. 
Echter, het effect van het belangrijke metaal kobalt (Co2+) op de genexpressie van de 
pneumokok was nog niet onderzocht. Hoofdstuk 4 ontrafelt het effect van Co2+ op het 
transcriptoom van S. pneumoniae D39. Door middel van zoeken via BLAST werd duidelijk 
dat het genoom van de pneumokok een operon bevat dat mogelijk is betrokken bij  Co2+-
transport (cbi operon). Hier laten wij zien dat het cbi operon is geïnduceerd bij een hoge Co2+-
concentratie. Verder blijkt dat Co2+, net als eerder is aangetoond voor Zn2+, derepressie van de 
genen van het PsaR regulon kan veroorzaken, dat het Mn2+-opnamesysteem PsaBCA, het 
cholinebindende eiwit PcpA en het celwandgeassocieerde eiwit PrtA bevat. Terwijl Mn2+ de 
expressie van het PsaR regulon onderdrukt en Co2+ leidt tot een vermindering van repressie, 
stimuleren beide metalen de interactie van PsaR met de promoters waar het aan bindt. Deze 
data zal worden besproken in de context van voorgaande studies op vergelijkbare 
transcriptieregulators. 
Hoofdstuk 5 onderzoekt de regulatie van het PsaR regulon afhankelijk van 
verschillende Ni2+concentraties. Hier combineren we qRT-PCR-analyse, metaalaccumulatie-
assays, β-galactosidase-assays en elektroforetische mobiliteitsshift-assays om aan te tonen dat 
een toename van de Ni2+-concentratie leidt tot een hogere expressie van het PsaR regulon. 
Onze ICP-MS data laat zien dat de geïnduceerde expressie van het PsaR regulon direct is 
gelinkt met een hoge Ni2+-concentratie, hetgeen de  Mn2+-concentratie in de cel verlaagt. 
Studies gedaan in vitro met gezuiverd PsaR tonen aan dat Ni2+ de Mn2+-afhankelijke interactie 
van PsaR met de promoterregionen van zijn target-genen vermindert. Hiernaast is de Ni2+-
afhankelijke rol van de transcriptieregulator PsaR, zoals gereguleerd door het PsaR regulon, 
bestudeerd met behulp van DNA microarray-analyse. 
De transciptoomanalyse van S. pneumoniae in de aanwezigheid van Ni2+ wordt 
besproken in hoofdstuk 6. Voor meerdere transitiemetalen, zoals Mn2+, Zn2+, Cu2+ en Co2+, is 
aangetoond dat ze de expressie van verscheidene genen belangrijk voor de virulentie van de 
pneumokok. Echter, het effect van Ni2+ op de globale genexpressie van S. pneumoniae is nog 
niet onderzocht. Hier identificeren we een aantal genen en operons waarvan de expressie 






horen bij het AdcR regulon (adcRCBA, phtA, phtB, phtD en phtE), het PsaR regulon (prtA, 
pcpA en psaBCA) en het Zn2+/Co2+-effluxsysteem czcD waren aanzienlijk gestegen in 
expressie in aanwezigheid van Ni2+. Met behulp van DNA microarray-analyse, 
elektroforetische mobiliteitsshift-assays, en β-galactosidase-assays tonen we aan dat Ni2+ 
directe invloed heeft op de derepressie van adcRCBA, adcAII-phD, phtA, phtB en phtE via de 
Zn2+-afhankelijke repressor AdcR. Het tegenovergestelde effect van Zn2+ en Ni2+ op het AdcR 
regulon is ook tot in detail onderzocht. We kunnen concluderen dat de rol van Ni2+ in de 
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